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INTRODUCTION

During the last several years many aspects of cellular responses to stress and mechanisms leading to
the cell death have been elucidated (1-4). A better understanding of those highly regulated processes
helps us also to better understand the role of sulfur mustard-induced DNA damage in triggering stress
response and cell death. The network of processes initiated by DNA damage and culminating in cell
death is extremely complex and highly regulated. However, we reason that numerous points within this
network of toxic and protective pathways exist where targeted intervention may modulate the outcome
of damage. We therefore sought to investigate pathways and early events along these pathways
involved in cellular responses to SM-induced DNA damage in order to identify points suitable for
therapeutic intervention. We have identified two levels of cellular responses where proper intervention
may minimize toxicity. The first level directly involves the activity of DNA repair enzymes, while the
second one involves the regulation of cell cycle progression. Our results suggest that certain
conditions such as hypothermia may provide protection against SM toxicity by modulating relevant
processes at both of these levels.

We have demonstrated that two independent repair pathways, nucleotide excision repair (NER) (5) and
base excision repair (BER) (6) are involved in processing of SM-modified DNA. Cells with a defect in
NER are very sensitive to SM indicating that this pathway has an important role in protection against
SM toxicity. To our surprise, however, we discovered that cells lacking DNA glycosylase, an eatly
enzyme of the BER pathway, are more resistant to SM (7). This sensitizing effect of glycosylase is
specific for SM exposure since the glycosylase activity protects the same cells from simple
methylating agents such as methyl methane sulfonate (MMS). This finding represents a new lead in
searches for the modulators of sulfur mustard toxicity and suggests that the inhibition of a specific step
in the base excision repair pathway may diminish both long-term and short-term toxicity.

We have previously found that SM induces a dose-dependent cell cycle arrest (8) and some
mammalian cell lines that have lost the ability to arrest in response to exposure are more sensitive to
SM. These results suggested that the conditions causing a delay or a reversible arrest of cell cycle
progression might improve survival. We then discovered that mild hypothermia provides such
conditions; it causes a reversible cell cycle arrest (9) and protects cells from SM toxicity (7). A
possible mechanism of protection based on the cell cycle arrest is increased time for the repair of DNA
lesions before the initiation of critical cellular events such as DNA replication and mitosis are taking
place. Importantly, hypothermia also counteracts sensitizing effect of DNA glycosylase and
significantly contributes to the SM resistance through this mechanism.

BODY

BACKGROUND

The Repair Mechanisms Involved in Processing of SM-induced DNA Lesions

DNA crosslinks are considered major toxic lesions in SM-alkylated DNA, and the repair of crosslinks
is most likely a major defense against SM toxicity. At the same time, DNA monoadducts can seriously
interfere with DNA functions either directly or as precursors of crosslinks, apurinic (AP) sites, or
strand breaks, all of which, if unrepaired, can be deleterious. Our results demonstrate that at least two




distinct DNA repair pathways, nucleotide excision repair (NER) and base excision repair (BER), are
involved in processing of SM-induced DNA damages.

Nucleotide excision repair is involved in repair of the wide class of helix-distorting lesions that
interfere with base pairing and generally obstruct transcription and normal replication (10). The repair
of DNA interstrand crosslinks (ICLs) in mammalian cells requires at least some proteins from NER
pathway (11), but the mechanism of mammalian ICL repair is still very poorly understood. The
protective effect of nucleotide excision repair against SM toxicity is well defined on the basis of our
data on cell survival demonstrating high sensitivity to SM of NER-deficient cells and on the basis of
host cell reactivation experiments showing decreased repair of SM-damaged plasmid DNA in NER-
deficient cells compared to the cells with functional NER. Protection by NER does not seem to be
limited to the repair of DNA crosslinks, since NER-deficient cells are also more sensitive to
monofunctional sulfur mustard, CEES, which generates only DNA monoadducts. At this point it is not
known what specific steps of the NER pathway are involved in the repair of SM lesions and what
conditions may improve NER activity and decrease SM toxicity.

Base excision repair has an important role in protecting cells against the lethal and mutagenic effects
of simple alkylating agents. However, there are conflicting reports on the involvement of mammalian
alkyladenine DNA glycosylase (AAG), an early enzyme of the BER pathway, in protecting cells
against cytotoxic effects of bifunctional alkylating agents (12-13). We provide evidence showing that
in the same experimental system where the expression of alkyladenine DNA glycosylase clearly
protects cells against the simple monofunctional alkylating agent, methyl methane sulfonate (MMS), it
sensitizes cells to SM-induced effects. In addition, E. coli cells expressing human DNA glycosylase
(hAAG) are also more sensitive to another bifunctional alkylating agent, chloroethylnitrosourea, than
the cells without hAAG (14). Since the sensitizing effect of DNA glycosylase is manifested in the
same cell systems in which glycosylase protects against MMS, this effect may be due either to the
presence of lesions not produced by MMS, such as DNA crosslinks or to the more complex
monoadducts. We addressed this question using the monofunctional sulfur mustard, chloroethyl ethyl
sulfide (CEES), which generates DNA monoadducts similar to those formed by SM but does not form
crosslinks. Our results show that glycosylase does sensitize cells to CEES. While it does not rule out
glycosylase processing of crosslinks as a sensitizing mechanism, it does indicate that processing of
monoadducts contributes substantially to glycosylase-dependent SM sensitization.

The Role of Hypothermia in Protection Against SM Toxicity

Cell response to hypothermia characterized by p53 accumulation and p53-dependent cell cycle arrest
(9) together with the growing amount of evidence on cross-talk between the p53 pathway and DNA
repair processes (15-16, 4) support our hypothesis on multiple mechanisms responsible for the
beneficial effect of low temperature after SM exposure. We demonstrate that hypothermia decreases
the cytotoxicity of sulfur mustard for mammalian cells in culture and suggest that this effect is an
outcome of several pathways activated in cells in response to combined stress. Although the general,
nonspecific slowdown of cellular processes at low temperature may contribute to the beneficial effects
of hypothermia, our data suggest that the activation of specific cellular responses may play a more
important, direct role in protection.

At least two independent mechanisms seem to contribute to the protective effect of hypothermia. One
of them is manifested through the diminished sensitizing effect of DNA glycosylase at low
temperature. Since cells deficient in DNA glycosylase still survive better when incubated at low
temperature after SM exposure, other mechanisms may also contribute to protection by hypothermia.
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We have found that the levels of two proteins involved in cell cycle regulation, p53 and p21, are
increased when cells are incubated at 28°C (9). These two proteins have important roles in cells with
damaged DNA. In response to DNA damage, the tumor suppressor &53 protein activates transcription
of several genes including the cyclin-dependent kinase inhibitor p21 ARl which is responsible for cell
cycle arrest of DNA-damaged cells (17-18). In contrast to the DNA damage response, nothing is
known about the mechanisms of accumulation and the roles of p53 and p21 in response to
hypothermia. We have found that hypothermia induces a p53-dependent cell cycle arrest (9) and that
p53-deficient cells are more sensitive to low SM doses at 28°C than wild type cells. It suggests that
p53 modulates survival at low temperatures. Hypothermia-induced cell cycle arrest may provide more
time for the repair, and p53 itself may be directly involved in DNA repair (19-20). We show that cell
cycle arrest under the conditions of hypothermia requires p21 VAR Interestingly, hypothermia induces
p53-independent p21 expression raising an intriguing question about the actual role of p53 in cell cycle
arrest at low temperature.

MATERIALS AND METHODS

Bis-(chloroethyl) sulfide (SM) was supplied by the US Army Institute of Chemical Defense (Aberdeen
Proving Ground, MD). Methyl methane sulfonate (MMS) and chloroethyl ethyl sulfide (CEES) were
purchased from Aldrich (Milwaukee, WI). Antibiotics and culture media were obtained from Gibco
BRL (Gaithersburg, MD). Fluorescein isothiocyanate (FITC)-conjugated anti-BrdU antibodies were
from Caltag Laboratories, Burlingame, CA. Primary anti-p53 antibodies were obtained from
Oncogene Research Products, Boston, MA. Transfection reagent TransFast and the Dual Luciferase
Assay kit were from Promega (Medison, WI).

Bacterial Cells
All bacterial strains used in this study were constructed in Michael R. Volkert’s laboratory, University
of Massachusetts Medical School, (UMMS), Worcester, MA. Their relevant genotypes are listed in

Table 1. Cells were grown in liquid Luria-Bertani (LB) medium at 37°C with aeration. Permanent
stocks are maintained at —80°C in LB with 10% DMSO.

Table 1. Bacterial strains

Name Relevant Genotype

MV 1161 argE3

MV1273 argE3 uvrd

MV1174 argE3 alk4l

MVi302 argE3 alkAl uvr4

MV3855 argE3 alkAl tagAl uvrA

MV4236 argE3 alkAl tagdl uvrd /pTrc

MV4237 argE3 alkAl tagAl uvrA / pTrc hAAG-1
MV4239 argE3 alkAl tagAl uvrA / pTrc hAAG-2
MV4126 argE3 alkAl tagAl/pTrc hAAG-1-hise




Plasmids

HAp53 plasmid expressing wild type p53 with a hemagglutinin (HA) tag transcribed from the p53
promoter was obtained from Alonzo Ross/Stephen N. Jones (UMMS). It contains the neo" gene for
aminoglycoside phosphotransferase, which renders cells resistant to the antibiotic G418, as well as
Amp', which confers resistance to ampicillin. Plasmid Waf-1-luc obtained from Timothy Kowalik
(UMMS) is p53-inducible, with a p21VAF! promoter attached to the firefly luciferase gene (17)
(Figure 1). This plasmid also contains a gene for resistance to chloramphenicol. phRL (Promega,
Madison, WI), contains Amp" and the gene that codes for Renilla luciferase, and pGL3 (also from
Promega) has Amp’ and the gene for firefly luciferase.

Plasmid Propagation and Purification
Plasmids HAp53, Waf-1-luc, phRL and pGL3 were propagated in E. coli bacteria. 200 ul of

competent E. coli cells, strain IM109 (Promega, Madison, WI), were incubated on ice for 20 min with
0.1 pg plasmid DNA, heat-shocked at 37°C

B for 5 min., and incubated again on ice for 5

o min. 1 ml of LB medium was added to the

oo bacteria, which were grown at 37°C for 40
min, then spread onto agar plates

containing selective antibiotic (100 pg/ml
ampicillin for HAp53, pGL3, and phRL, and
25 pg/ml chloramphenicol for Waf-1) to
. isolate transformants. The plates were

o N incubated at 37°C overnight. The resultant
colonies were streaked onto agar plates with
selective medium, and incubated overnight.

HApS3  pGL3 Individual colonies of resistant bacteria were
sng %0 e 5 sga S0 inoculated into 5 ml of liquid broth with
) selective antibiotic and grown overnight at
37°C. 500 ml of LB medium with selective
antibiotic  was  inoculated with the
transformed E. coli and grown overnight at
37°C for plasmid purification.

Luciferase
7900bp

Figure 1. Map of p53-responsive Waf-1-luc reporter construct (17) and photographs of agarose gel electrophoresis
performed on purified plasmids digested with appropriate restriction enzymes. The sizes (in base pairs) of A ladder
fragments are shown.

Plasmids were purified using either the EndoFree Plasmid Mega Kit from Qiagen (Valencia, CA) or
the NucleoBond Plasmid Maxi Kit from Clontech (Palo Alto, CA), following the manufacturer’s
instructions. The E. coli culture was centrifuged for 15 min. at 6000 x g and the pellet was
resuspended with a lysing buffer, then filtered through a QiaFilter Cartridge. The filtrate was then
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loaded into the Qiagen-tip or NucleoBond cartridge, which was washed before the plasmid was eluted.
Isopropanol was added to precipitate the DNA. The solution was then centrifuged at 15,000xg, the
supernatant was removed and the DNA pellet was resuspended in TE buffer. Plasmid concentrations
were determined by measuring absorbance at 260 nm. Plasmids were verified by restriction enzyme
digestion and gel electrophoresis. Plasmid DNA was mixed with enzymes (BamHI and HindIII for
pGL3 and phRL, HindIII for Waf-1, and BamHI and EcoRI for HAp53 for double digests), and buffer
B (Boehringer Mannheim, Indianapolis, IN), and incubated at 37°C for 1 h. Loading dye was added
and samples were loaded onto a 1% agarose gel. The ethidium bromide-stained gels were UV
illuminated and photographed (Figure 1).

Plasmid DNA Alkylation

Purified pGL3 DNA containing the firefly luciferase gene was dissolved in TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 7.4) at a concentration of 1 pg/ul and incubated with SM or CEES in a
SterilchemGard hood at room temperature for 1 h. DNA was precipitated with ethanol, dissolved in
TE buffer, and stored at -20°C until used for transfection. Aliquots were analyzed by gel
electrophoresis for the level of conversion of supercoiled DNA into the nicked circular form. The
results of agarose gel electrophoresis with CEES-alkylated plasmid DNA (Figure 2) show a dose-
dependent increase in the levels of conversion. The DNA damage, if unrepaired, is expected to
interfere with luciferase expression in cells transfected with damaged plasmids.
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Subcloning Glycosylase Gene into Mammalian Expression Vector

For the construction of mammalian vectors expressing human alkyladenine DNA glycosylase, wild
type hAAG sequences of the glycosylase isoform 1 and 2 contained in pMV509 and pMV550 plasmids
respectively, was used (Figure 3). These plasmids allow expression of hAAG genes from the strong




pTrc promoter and carry the Jacl’ repressor gene to control expression. Their construction and
application in our in vitro and bacterial studies was described earlier (14, 21).
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Figure 3. Insert regions of the hAAG1 expression vector
¢ pMV509 (top) and the hAAG2 expression vector pMV550
(bottom). The Prpc promoter is indicated by the rightward

; arrow labeled Prrc, the hAAG coding sequences are indicated
| by the gray boxes, and the ends of the pTrc99a vector
nmun sequences are indicated as heavy dotted lines.
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CMV promoter: bases 232-819

T7 promoter/priming site: bases 863-882

Multiple cloning site: bases 895-1010

pcDNA3.1/BGH reverse priming site: bases 1022-1039
BGH polyadenylation sequence: bases 1028-1252

f1 origin: bases 1298-1726

SV40 early promoter and origin: bases 1731-2074
Neomycin resistance gene (ORF): bases 2136-2930
SV40 early polyadenylation signal: bases 3104-3234
pUC origin: bases 3617-4287 (complementary strand)

Ampicillin resistance gene (bla): bases 4432-5428 ‘ P cggg?ggvlbﬁ"ﬂ)
(complementary strand) p
ORF: bases 4432-5292 (complementary strand)

Ribosome binding site: bases 5300-5304 (complementary strand)
bla promoter (P3): bases 5327-5333 (complementary strand)

Figure 4. Characteristics of pcDNA expression vector

The pMV509 and pMV550 plasmids were cleaved with EcoRI and Xbal and the fragments carrying
hAAGI1 or hAAG?2 were isolated from the low-melt agarose gels. The eukaryotic expression vector
pcDNA3.1 (Invitrogen) (Figure 4) was cleaved in polycloning site with the same enzymes and the
linear DNA was treated with the calf intestine alkaline phosphatase (CIP) to prevent vector self-
ligation. The hAAG1 or hAAG?2 fragment was ligated into the vector and competent E. coli cells were
transformed with the ligation mixture and plated for selection of ampicillin resistant clones. Mini-
lysates were tested by EcoRI Xbal digestion and stocks of plasmids containing isoform hAAG1 and
isoform hAAG?2 were prepared.

Bacterial Cell Survival and Mutation Frequency

Cells were grown in LB medium to approximately 5x10® cells per ml at 37°C with aeration. Aliquots
of cell suspensions were transferred in the SterilchemGARD hood and exposed to different doses of
SM or CEES for 60 min. Cell dilutions were prepared in E-salts buffer containing 4% Na,S,03 and
plated in triplicate on ESEM media for both total surviving colonies and Arg+ revertants. Plates were
incubated for 48h at 37°C and surviving colonies and Arg+ mutants were counted. Survival was
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expressed as a percentage of untreated control and mutation frequency was calculated as the number of
Arg+ revertants per survivor.

Mammalian Cell Culture

Mouse embryonic fibroblasts (MEF), wild type (APNG+/+) and alkyladenine DNA glycosylase null
mutants (APNG-/-), both spontaneously transformed, were a gift from Dr. Rhoderick H. Elder from
Paterson Institute for Cancer Research, Manchester, UK (13). Cells were grown in D-MEM/F-12
medium containing L-glutamine (GibcoBRL, Gaithersburg, MD, Cat. # 11320-033) supplemented with
fetal bovine serum (FBS) (10%), nonessential amino acids, nucleosides, penicillin and streptomycin.
MEFs wild type for p53, p53 null mutants and p21 null mutants, gift from Stephen N. Jones, UMMS
(22), were grown on Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% FBS and
antibiotics.

Mouse embryonic stem (ES) cells, wild type and null mutants for 3-alkyladenine DNA glycosylase,
were obtained from Dr. Bevin Engelward (Massachusetts Institute of Technology) (12). SNL76/7
feeder cells were obtained from Dr. Allan Bradley (Baylor College of Medicine, Huston) (23). ES
cells were cultured on gelatinize plates with mitotically inactive SNL76/7 feeder cells that express
leukemia inhibitory factor (LIF) to prevent ES cells differentiation (23). Feeder cells were grown on
(DMEM) supplemented with FBS (10%), glutamine and antibiotics. They were inactivated by
mitomycin C (10 pug/ml for 2 h) and kept frozen until use. DMEM media for ES cells growth was
supplemented with FBS (15%), glutamine, antibiotics, 2-mercaptoethanol and nonessential amino
acids.

Chinese Hamster Ovary (CHO) cells, cell lines AA8 (wild type) and UV41 (NER group 4) were
obtained from the American Type Culture Collection. These cells were grown at 37°C in monolayer
culture in a-modified minimum essential medium supplemented with 10% fetal bovine serum and
antibiotics.

Human fibroblasts (AG01522B) were obtained from the Aging Cell Repository, Coriell Institute for
Medical Research, (Camden, NJ). Cells were grown as a monolayer in standard minimal essential
media (MEM) (GibcoBRL, Gaithersburg, MD, Cat. # 11095-080) supplemented with a nonessential
amino acids and vitamins, 15% fetal bovine serum, penicillin and streptomycin.

Human osteosarcoma Saos-2 cells lacking p53 and Rb were obtained from Alonzo Ross, UMMS.
Cells were grown in Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum at 37°C. All
cells were grown in a humidified atmosphere of 5% COs,.

Cell Proliferation assay by AlamarBlue

AlamarBlue assay for cytotoxicity is based on the reduction of REDOX indicator as a result of cellular
metabolic activity from oxidized blue form to reduced red form. AlamarBlue is not toxic to living
cells. The reagent is added to the cell media at the final concentration of 10% and cells are incubated
for additional 4 h or longer and the absorbance at 570nm and 600nm is determined
spectrophotometrically using 96 well plate reader.

Cell Cycle Analysis

Replicative DNA synthesis was determined as 5-bromo-2'-deoxyuridine (BrdU) incorporation. The
DNA denaturing conditions were as described by Jones et al. (24). Cells were labeled in 13 pM BrdU
for 2 h, harvested by trypsinization, fixed with 70% ethanol and stored at -20°C until analysis.
Samples were treated with 0.1 N HCI containing 0.5% Triton X-100 for 30 min at room temperature,
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boiled for 2 min and rapidly cooled to denature DNA. Cells were then washed twice with PermaCyte
solution (BioErgonomics, White Bear Lake, MN), incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-BrdU antibodies for 30 min (1:4 dilution; Caltag Laboratories, Burlingame, CA) and
counterstained with propidium iodide. Cell cycle analysis was performed using a Becton-Dickinson
FACScan flow cytometer (Mountain View, CA). At least 15,000 events were collected per sample;
cell doublets and aggregates were electronically eliminated from analysis. The percentage of cells in
each phase of the cell cycle was determined using Modfit software (Verity Software House, Topsham,
ME).

Host Cell Reactivation Assay for DNA Repair

The host cell reactivation assay described here has the significant advantage that it can be used to
monitor overall DNA repair in intact, growing cells. A plasmid that contains a gene for firefly
luciferase was damaged by SM or CEES in vitro and transfected into cells that are to be evaluated for
repair. Repair of plasmid DNA restores or “reactivates” luciferase expression and the level of
increased expression reflects the amount of repair. In order to normalize for variations in the efficiency
of transfection and lysis and for the cell number, cells were co-transfected with undamaged pRL
reporter plasmid containing Renilla luciferase as an internal standard (Figure 5).

For transfection experiments, cells were plated in 24-well plates at a density of 2 x 10* cells/cm® and
incubated for 24 h at 37°C. Transfection was performed using the liposome-based transfection
reagent, TransFast. Optimal conditions for transfection were established at 0.5 pg of plasmid DNA per

well, at a charge ratio of transfection reagent to DNA of 1:1,
HOST CELL REACTIVATION and a ratio of pGL3 to pRL-TK of 10:1. Twenty four hours
after plating, the growth media was replaced with 0.2 ml of
serum-free media containing the transfection mixture. Cells
oX @ were incubated for 1.5 h at 37°C, when 1 ml of complete
media was added and cells were further incubated for
luciferase expression. Cells were lysed with 150 pl per well of
Passive lysis buffer provided with the Dual luciferase reporter
; ) assay kit (Promega); lysates were stored frozen at -20°C until
REPAIR norepalr| they were assayed for the luciferase levels.

ﬂ. Expression ﬂ

SM

ﬂ Lysis i Figure 5. Host cell reactivation assay for monitoring DNA repair using
firefly luciferase (F) expression plasmid damaged in vitro and transfected
sk Enzyme assay into the cells of different repair status. The level of firefly luciferase

activity relative to Renilla (R) luciferase activity is a measure for DNA
repair normalized for transfection efficiency.

Transient Transfection

Cells were plated at a density of 3 x 10*cm? in 24-well culture plates and grown at 37°C. Twenty-four
hours after plating, cells were transfected with the required amount of plasmid DNA. Typically, 1.1 pg
total DNA and 4l transfection reagent (TransFast, Promega) per well in serum-free medium is used.
Cells were incubated at either 37°C or 28°C for required period of time, lysed with 150 pl of Passive
Lysis Buffer and stored frozen for the assay.
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Luciferase Assay

Luciferase levels are determined using the Dual Luciferase Assay Kit (Promega). The assays for firefly
and Renilla luciferase activity are performed sequentially in one reaction tube using 20 pl aliquots of
cell lysates. To measure firefly luminescence, cell lysates are added to 100 pl of Luciferase Assay
Reagent II and the luminescent signal is monitored by a single-sample luminometer (Monolight 2010,
Analytical Luminescence Laboratory, San Diego, CA) with spectral sensitivity over the range from
360 to 620 nm. To measure Renilla luminescence, 100 pl of Stop & Glo reagent is added to the
mixture to inhibit the firefly reaction and to provide a substrate for the Renilla luciferase. A second
reading is obtained, and the ratio of firefly to Renilla luciferase is calculated.

RESULTS AND DISCUSSION

Repair Mechanisms Involved in Processing of SM-induced DNA Lesions
Nucleotide Excision Repair Protect Cells from Mustard Toxicity

Although DNA crosslinks are considered major toxic lesions in SM-alkylated DNA, DNA
monoadducts can seriously interfere with DNA functions either directly or as precursors of crosslinks,
apurinic (AP) sites, or strand breaks, all of which, if unrepaired, can be deleterious. Increased
sensitivity to SM of NER-deficient mammalian cells in culture indicates that at least some cytotoxic

DNA lesions induced by SM are successfully

» . repaired by mammalian NER. It does not indicate,
w . E E however, which specific lesions are substrates for
Davi g ‘ NER. In order to examine weather NER is involved
ay i in = processing of mustard-induced DNA
! ¢ monoadducts and the role of NER in survival
TR T w——————  independently from the effects of crosslinks, we
g = s used single-armed sulfur mustard, chloroethyl ethyl
S A R sulfide (CEES) which generates only DNA
(?).,, “ monoadducts, for survival studies with NER-
- 3 . competent and NER-deficient CHO cells.
Day2 § §
O L2
@
ﬂ_"o » 4% L] 0!"‘ N W e
L L] SREL M
199 wo
* E N Figure 6. Survival of CHO cells after exposure to SM or
Day 3 ’ t CEES. Viable cell numbers were determined by trypan blue
o E » exclusion and are expressed as a percent of control on day 1, 2
' and 3. Wild type cells (O); NER-deficient cells (®).
;mﬂ n *» « nmﬁ MK W W
SM [uM] CEES [uM]

The results in Figure 6 demonstrate the importance of NER in protecting cells from cytotoxicity of
both SM and CEES. Three days after exposure to 20 pM SM, more than 50% of wild type cells
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survive, while NER-deficient cells show a survival of less than 2%. A similar difference is noted after
exposure to CEES except that concentrations of CEES more than ten times as great as the SM
concentrations are needed to produce the same level of cytotoxicity. Three days after exposure to 300
uM CEES, survival is close to 100% for wild type cells but only about 5% for NER-deficient cells.
The difference in cytotoxicity between SM and CEES is assumed to be the result of crosslink
formation. In addition to demonstrating that monoadducts are substrate for NER, the results also
suggest that at least one of the mustard DNA monoadducts, if unrepaired, represents a lethal lesion for
mammalian cells.

Role of Base Excision Repair in SM Toxicity: Studies in Bacterial Cells
Bacterial Alkyladenine DNA Glycosylase Increases Sensitivity to SM

The base excision repair pathways are present in diverse organisms from bacteria to mammalian cells.
In all organisms the substrate specificity of the base excision repair pathway is determined by DNA
glycosylases. In order to determine whether alkyl adenine DNA glycosylase is able to process
biologically relevant alkylation products in SM-exposed cells, we used E. coli cells that are either wild
type or repair deficient, and measured their survival as a function of SM dose.

—0—WT
—eo—alk- —0—WT
—A—alk -uvr- —o— alk-
—A— UVI- —h— 3&_UVF'
1000 00000.0 Figure 7. Role of DNA repair in

survival and mutation induction in E.
coli cells exposed to sulfur mustard.
Wild type (O), AlkA glycosylase-
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Surprisingly, as the results in Figure 7 (left panel) show, E. coli cells lacking functional AlkKA

glycosylase (Alk, close symbols) survive better than cells that are wild type for glycosylase (open
symbols). In contrast, lack of NER (uvrA’) in E. coli cells increases their sensitivity to SM, similar to
the effects in CHO cells. This sensitizing effect of AlkA glycosylase function occurs in cells
regardless of their NER status; AlkA+ cells are more sensitive to SM than AlkA™ cells whether or not
they have functional nucleotide excision repair.

Another potential consequence of DNA damage, induction of mutations, was tested as the reversion of
Arg’ into the Arg+ phenotype in cells with different repair background. The results in Figure 7 (right
panel) show that, in contrast to NER which protects cells from accumulation of mutations, alkA
function increases mutation frequency in E. coli above that seen in the AlkA-deficient strain.
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Isoforms of Human DNA Glycosylase Expressed in E. coli

In order to study the effects of human alkyl adenine DNA glycosylase (hAAG) in SM exposed cells,
cloned isoforms of hAAG that can be expressed from an IPTG-inducible promoter were introduced
into alkA tagd uvrA E. coli cells by transformation. Human alkyl adenine DNA glycosylase has been
shown to exist in two isoforms and both are expressed in wild type mammalian cells. The two forms
are produced by alternative splicing and differ with respect to exon 1 (25). Both isoforms can
complement methyl methansulfonate (MMS) sensitivity of E. coli cells deficient in Alk and Tag
glycosylases (14). In order to confirm that human glycosylase is expressed under the conditions of our
experiment, we measured survival after the exposure to MMS in parallel with SM experiment. The
results in Figure 8, left panel, show that hAAG is IPTG-inducible and that it protects E. coli cells from
MMS toxicity. However, under the same experimental conditions, expression of hAAG increases
sensitivity of E. coli cells to sulfur mustard (Figure 8, right panel). This effect is more pronounced in
cells containing isoform 2 (hAAG?2) than isoform 1 (hAAG1) glycosylase.

The results described so far indicate that neither bacterial nor human DNA glycosylase protect bacteria
from SM toxicity. However, increased sensitivity of cells expressing glycosylase compared to the
glycosylase-deficient cells indicate that human and bacterial glycosylases do act on SM lesions, but
process them in a manner that increases toxicity. There are several possible explanations for this. First,
glycosylases, especially human glycosylase that is expressed from multicopy plasmids, may be
hyperactive and may process lesions too rapidly, thereby overwhelming subsequent steps in DNA
repair. This possibility is ruled out by the results from MMS experiments. These studies suggest that
the highly expressed human glycosylase does not overwhelm the subsequent repair steps when DNA is
modified by methylation. In both SM and MMS treated cells, a glycosylase-performed repair step
would result in the production of abasic sites (AP sites). The AP endonucleases, DNA polymerase and
ligase, required for processing of the abasic sites appear to be capable of accomplishing the repair
process on MMS-modified substrate. In fact, the rate-limiting step in base excision repair appears to be
the glycosylase step, since the highly expressed hAAG provides a high level of protection against
MMS damage.

—o0— vector+PTG —o— vector+HPTG
—8— hAAG2+PTG —=—hAAG1+PTG .
—a—hAAG2 —e— hAAG2HPTG Figure 8. [Effects of cloned human DNA

glycosylase on survival of E. coli cells exposed
1000 — . 100.00 to MMS or SM. Cloned human alkyl ac{:enine
DNA glycosylase hAAG1 (M), hAAG2 (@) or
cloning vector only (O) were introduced into the
E. coli cells deficient for bacterial glycosylase and
NER (uvrA™ alkA"™ tagA™ ). Left panel: hAAG
provides full protection against MMS toxicity in
IPTG-induced cells (@) and slightly increases
0.10 resistance in un-induced cells (A). Right panel:
both hAAG1 and hAAG2 isoforms increase
sensitivity of E. coli cells to SM.
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MMS [m] SM [uM] Second, ineffective repair by glycosylase
may interfere with the repair by other,
more effective, repair processes such as NER. If sensitization derives from the interference with NER,
then we should not see sensitization by glycosylase expression in NER-defective cells. The results in
Figures 7 rule out such possibility, at least for the bacterial glycosylase, since both NER+ and NER”
cells manifest increased sensitivity to SM treatment by glycosylase expression.
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Third, glycosylase may convert SM lesions to repair intermediates that are more toxic than the primary
DNA lesion. The unrepaired AP sites represent highly toxic and mutagenic lesions, however, they are
also formed by DNA glycosylase during the repair of MMS-modified bases suggesting that the
sensitizing step and the lesion responsible for sensitization are unique to SM-modified DNA. It is
possible that glycosylase initiates repair and either is unable to dissociate, or AP site processing can
not take place, due to the effect of neighboring DNA crosslinks. Alternatively, glycosylase may
“unhook” a certain fraction of SM-induced crosslinks generating more toxic intermediates. It is also
possible that the mammalian glycosylase can repair SM lesions, but requires additional factors, not
present in bacterial cells, for processing.

Mustard Monoadducts Contribute to Sensitizing Effect of DNA Glycosylase

Different DNA lesions and mechanisms could account for sensitization. Although DNA monoadducts
are natural substrates for glycosylase, it is possible that DNA crosslinks are responsible for
sensitization. For example, glycosylase may “unhook” a certain fraction of SM-induced crosslinks,
generating more toxic intermediates, or alternatively, DNA crosslinks may have an inhibitory effect on
the repair of the neighboring monoadducts by glycosylase. In order to address the question of whether
monoadducts contribute to the increased lethal and mutagenic effects in cells with functional DNA
glycosylase, we used monofunctional sulfur mustard, chloroethyl ethyl sulfide (CEES), which
generates DNA monoadducts similar to those formed by SM, but does not form DNA crosslinks.
CEES effects on bacterial cells with or without endogenous DNA glycosylase are compared in Figure
9. The CEES doses tested (from 0.1 to 2.0 mM) were highly mutagenic, yet did not cause cytotoxicity.
The mutation frequency was higher in cells deficient in nucleotide excision repair, indicating a
protective role of this repair against mutagenic monoadducts. In contrast, the presence of functional
DNA glycosylase, similar to results with SM, significantly increased mutation frequency after
exposure to CEES. This sensitizing effect of glycosylase is not dependent on NER; DNA glycosylase
increased mutagenesis in both NER-wild type and NER-deficient cells. The results strongly suggest
that the sensitizing effect of DNA glycosylase on SM-exposed cells is largely due to its processing of
monoadduct(s) in DNA.

100.00 100.00 !b%t:=g— Figure 9. Effect of DNA repair on
survival and mutation induction in
< repair deficient E. coli cells exposed to 2-
10.00 - g 10004 chloroethyl ethyl sulfide (CEES). Wild
x type (O), AlkA glycosylase-deficient (@),
1.00 - 2 1.00 - NER—deﬁc?ent (A) or glycosylase and
z NER-deficient (A) cells were exposed to
o CEES for 60 min and plated for total cell
0.10 —O0—WT & 0.10 —0o—WT number and for Arg+ revertants. Mutation
b 3{'} +: 3{% frequency (left panel) was calculated as the
—&—alkuvr —a—alkuvr number of revertants among survivors and
0.01 L — 0.01 —— survival (right panel) was calculated as a
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The CEES doses used in these experiments did not interfere with bacterial survival, which may be
affected only at higher levels of monoadduct formation in DNA or limited to DNA crosslinks, in which
case it would be unique to bifunctional mustards. Effects of higher CEES doses on bacterial cells with
or without endogenous DNA glycosylase are compared in Figure 10. The presence of a functional
DNA glycosylase significantly increases both killing (Figure 10, left panel) and mutation frequency
(Figure 10, right panel) in E. coli cells exposed to CEES. This sensitizing effect of glycosylase is not
dependent on NER; DNA glycosylase increases mutagenesis and decreases survival in both NER-wild
type and NER-deficient cells. The results strongly suggest that the sensitizing effect of DNA
glycosylase on both survival and mutagenesis in SM-exposed cells is, at least in part, due to the
presence of mustard monoadducts in DNA.

—o—WT —0—WT
x 39} iall/(r Figure 10. Effect of DNA repair

on survival and mutation
100.0 Aok 10000.00 —4akunr induction in E. coli cells exposed
to 2-chloroethyl ethyl sulfide
(CEES). Wild type (O), AlkA
glycosylase-deficient (@), NER-
deficient (A) or glycosylase and
NER-deficient (A) cells were
exposed to CEES for 60 min and
plated for total cell number and for
Arg+ revertants. Survival (left
panel) was calculated as a
percentage of untreated control
and mutation frequency (right
panel) was calculated as the
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Role of Base Excision Repair in SM toxicity: Studies in Mammal Cells
Mammalian Glycosylase Sensitizes Cells to SM Toxicity

In order to examine whether the sensitization to SM by DNA glycosylase also occurs in mammalian
cells we performed survival studies with wild type and 3-alkyl adenine DNA glycosylase (AAG) null
mutants of mouse embryonic stem (ES) cells. The results in Figure 11 (left panel) demonstrate
protective effect of glycosylase against the methylating agent MMS toxicity. However, when cells are
exposed to SM (right panel), the presence of glycosylase function in wild type cells (WT, open
symbols) has a similar effect as it has in bacterial cells, it increases sensitivity to SM; lack of AAG in
null mutant cells (AAG-/-, close symbols) make cells more resistant to SM.

Therefore, the results with ES cells indicate that the sensitizing effect of alkyl adenine DNA
glycosylase on SM toxicity is not unique for bacterial cells, but also occurs at least in some
undifferentiated mammalian cells. It also suggests that it may be possible to manipulate, diminish or
inhibit, glycosylase activity in order to both enhance survival and reduce mutagenic effect after SM
exposure.
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Figure 11. Effect of DNA glycosylase on
survival of mouse embryonic stem cells
exposed to MMS or SM. Mouse embryonic
stem cells, wild type (WT, O) or DNA
glycosylase null mutants (AAG-/-, @) were
exposed to MMS (left panel) or to SM (right
panel) for 1h and incubated at 37°C for 2 days.
Cell viability was determined by trypan blue
exclusion assay. While presence of glycosylase
protects cells from toxic effects of MMS, it
increases their sensitivity to SM.
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Mammalian Glycosylase Sensitizes Cells to Mustard Monoadducts

In order to examine whether the glycosylase activity effects survival of mammalian cells exposed to
CEES we performed survival studies with wild type (APNG+/+) and DNA glycosylase deficient
(APNG-/-) mouse embryonic fibroblasts. Cells were exposed to increasing doses of CEES for one
hour and incubated at 37°C. Survival was determined by trypan blue exclusion assay as a function of
time and CEES dose. Figure 12 shows the survival as a function of time of APNG + or APNG - cells
exposed to different doses of CEES. The results clearly show the disadvantage of the presence of
DNA glycosylase for the survival and recovery after the exposure to CEES. While cells deficient in
glycosylase (APNG -/-) show the dose-dependent recovery from all CEES doses except the highest one
(1500 pM), even much lower doses (1000, 750, and 500 puM) are cytotoxic for cells containing
functional glycosylase.

1000 1000

Figure 12. Effect of DNA
— 100 100 :
s CEES uM glycosylase on survival after
*® . exposure to CEES. Wild type
w o —0—0 10 ' N (APNG +) and glycosylase-
E —0— 250 deficient (APNG -) mouse
i ! 500 1 embryo ﬁbroblz}sts were
S exposed to increasing doses of
> o ——750 0.1 CEES for 1 hour and incubated
% 001 —m— 1000 at 37°C. Cell survival as
o o APNG+ 1500 0011 APNG - determined by trypan blue
o001 A exclusion assay was plotted as a
' 0.001 function of time post exposure
DAYS DAYS P P

In Figure 13 survival of glycosylase-deficient cells (close circles) three days after exposure to CEES is
directly compared to the survival of cells with functional glycosylase (open circles). The results
clearly demonstrate tenfold increased resistance to CEES of cells lacking 3-alkyladenine DNA
glycosylase.
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DNA Glycosylase Interferes with Repair of SM- and CEES-damaged DNA

In order to determine the effects of mammalian DNA glycosylase on the repair of mustard-induced
DNA damage we applied the host cell reactivation approach that we already successfully used in our
studies on nucleotide excision repair. This approach is based on the comparison of the levels of
damaged DNA reactivation among the cells of different DNA repair status (See: Material and
Methods).

Repair of DNA damage restores or “reactivates” expression from the reporter gene and the difference
in the levels of expression reflects the difference in DNA repair capacity between the two cell lines.
Figure 14 shows the results of experiments where undamaged or SM-damaged firefly luciferase
reporter plasmid was transfected into the wild type (APNG+) or glycosylase deficient (APNG-) mouse
embryonic fibroblasts. Cells were incubated at 37°C for 30 h after transfection, lysed and assayed for
the levels of luciferase expression. The results show that in cells with functional DNA glycosylase
(APNGH), reactivation of plasmid DNA exposed to higher SM doses is significantly lower than in cells
deficient in DNA glycosylase (APNG-) suggesting that glycosylase interferes with restoration of the
functional integrity of SM-damaged DNA. This is in agreement with the survival data demonstrating a
sensitizing effect of DNA glycosylase for SM-exposed cells.

25

MAPNG+ Figure 14. Effect of DNA glycosylase on luciferase expression
from SM-damaged reporter plasmids. Wild type cells (m) and

APNG-deficient cells (00) were cotransfected with either the SM-
damaged or undamaged firefly luciferase reporter plasmids and with
undamaged Renilla luciferase reporter plasmids. Cells were
incubated at 37°C and lysed. Firefly luciferase activity was
normalized to correct for variations in transfection efficiency using
Renilla luciferase as an internal standard. Firefly luciferase activity
in cells transfected with damaged plasmid, expressed as a percent of
activity in cells with undamaged plasmid, represents the extent of
DNA repair for the given cell line.
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The results with the monofunctional sulfur mustard, chloroethyl ethyl sulfide (CEES) have shown that
the presence of a functional DNA glycosylase significantly increases sensitivity of both E. coli and
mammalian cells to CEES. Those results indicate that mustard monoadducts are involved in the
sensitization by glycosylase and that this effect is independent of the presence of crosslinks in DNA.
The results of luciferase assay in Figure 15 show that, compared to the SM-damaged DNA,
interference with repair is even more pronounced when CEES-damaged DNA is introduced into the
APNG + cells. While luciferase expression decreases with the increased levels of plasmid alkylation in
both cell lines, plasmid reactivation is more than four-fold higher in the absence of DNA glycosylase
(APNG - cells) regardless of the level of alkylation. For example, while APNG- cells reactivate
plasmid exposed to 125 uM CEES to the level of undamaged control, reactivation of the same plasmid
in APNG+ cells is less than 25% of control. These results suggest that glycosylase activity actually
prevents the repair of mustard monoadducts either by generating repair intermediates that effect DNA
transactions such as transcription more than the original lesion or by interfering with other relevant
repair pathway(s) such as the nucleotide excision repair.
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W APNG+ Figure 15. Effect of DNA glycosylase on luciferase
100 | 0 APNG - expression from CEES- damaged reporter plasmids. Wild
type cells (APNG+, m) and glycosylase-deficient cells (APNG-,

80 ) O) were cotransfected with either the CEES-damaged or
undamaged firefly luciferase reporter plasmids. Cells were
_ incubated at 37°C for 72h and lysed. Firefly luciferase activity
a | , was normalized to correct for variations in transfection
efficiency using Renilla luciferase as an internal standard.
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Subcloning of Human DNA Glycosylase into the Mammalian Expression Vector

In order to determine the effect of DNA glycosylase on sulfur mustard toxicity in an isogenic
background and to generate constructs for the future studies on the mechanisms of sensitization by
glycosylase, we have subcloned human DNA glycosylase into the mammalian expression vector.

The human alkyladenine DNA glycosylase (h44G) gene exists in two known isoforms that result
from alternative splicing, incorporating either the 13 amino acid exon 1a (hAAG1), or the 8 amino acid
exon 1b (hAAG2) (26, 27). Both isoforms of hAAG appear to be expressed in all tissues examined (27,
25). DNA glycosylase isoforms h44GI and hAAG2 (26, 21) were subcloned into the eukaryotic
expression vector pcDNA3.1, plasmids were propagated in E. coli and plasmid DNA was purified as
described in Material and Methods. Glycosylase deficient mouse embryo fibroblasts were transfected
with either pcDNA3.1 vector, vector containing glycosylase isoform 1 (244GI) or isoform 2 (hAAG2)
at two different levels of plasmid DNA. Cells were exposed to sulfur mustard and survival was
determined by the alamarBlue assay. The results in Figure 16 show the percent survival of transfected
cells exposed to 250 pM sulfur mustard compared to untreated control transfected under the same
conditions.
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Figure 16. Effect of DNA glycosylase on survival after

02w exposure to SM. Mouse embryo fibroblasts null mutant

1 for DNA glycosylase were plated in 48 well plates at the

B'9)  gensity 2.5 x 10° cells/cm?, incubated for 6 h at 37°C and

transiently transfected with 0.1 (dark bars) or 0.2 (light

bars) pg per well of vector, vector containing gene for

- glycosylase isoform hAAG1 (hAG1) or isoform hAAG2

Tl (hAG2). 18 h after transfection cells were exposed to SM

for 1 h. Survival was determined by the AlamarBlue assay
40 h after the exposure.

Percent Survival

‘.1Lg
2w
hAGH hAG2 The presence of glycosylase sensitizes cells to
plasmid SM and the sensitizing effect is more pronounced
in the population of cells transfected with the
higher amount of plasmid DNA (0.2 compared to 0.1 pg per well). Also, the hAAG2 glycosylase
isoform appears to have a stronger effect, at least at 0.2 ug DNA per well, than the hAAG1 isoform.
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The Role of Hypothermia in Protection against SM Toxicity

Hypothermia Arrests Cell Cycle Progression of Mammalian Cells in Culture

In contrast to the heat shock, very little is known at the molecular level about the response of
mammalian cells to cold. We have demonstrated (9) that hypothermia represents a p53-inducing stress
condition and that lowering temperature to 28°C causes reversible growth arrest in population of
normal human fibroblasts. FACS analysis of DNA content per cell demonstrated that this growth arrest
is due to the cell cycle arrest that occurs at 28°C (9).

The 5-bromo-2’-deoxiuridine (BrdU) incorporation assay was used to compare the extent of DNA
synthesis in undamaged normal human fibroblasts at 37°C and 28°C. The results in Figure 17 show
that the entrance into the S phase is delayed for at least two days when cells are incubated at 28°C.
The effect of low temperature on cell cycle in damaged cells is likely to be dependent on a number of
factors such as the cell cycle stage at the time of
treatment, effects of treatment itself on cell cycle
progression, and others. Providing low temperature does
not compromise protective pathways or intensify toxic
ones, the delay in progression is likely to be beneficial
for survival by allowing more time for the repair of
Ep— damaged DNA before the onset of DNA synthesis and

DAY1 DAY2 mitosis.

37°C

BrdU INCORPORATION
#

= Figure 17. Effect of hypothermia on DNA synthesis in normal
human fibroblasts. Cells were incubated at 37°C or 28°C and
labeled with BrdU for 2 h. After staining with anti-BrdU-FITC and
propidium iodide, cells were analyzed by flow cytometry. . PI
fluorescence (x-axis) visualizes DNA content per cell and FITC
fluorescence (y-axis) the BrdU incorporation. The BrdU
incorporation is delayed in cells at 28°C for at least two days.
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Hypothermia Protects Mammalian Cells from SM Toxicity

We have shown that nucleotide excision repair (NER) protects cells from SM toxicity. In order to

examine whether low temperature compromises protective effect of NER, wild type and NER-deficient

CHO cells were exposed to SM and incubated for two days at either 37°C or 28°C (Figure 18). The

results show that both cell lines survive much better when incubated at low temperature after SM

exposure and that NER provides

37°C 28°C gdd_itional protection at 28C. It

indicates that low temperature

protects mammalian cells from SM

toxicity and does not compromise

NER repair activity in SM-exposed
cells.
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Figure 18. Hypothermia increases survival
1.0 1 and does not compromise NER activity in
—O—NER+ SM-exposed cells. CHO cells wild type (O)
——NER- or NER-deficient (@) were exposed to SM

—O—NER +
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0.1 ‘ 1 0.1 : and incubated at either 37°C (left panel) or
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Hypothermia Counteracts Sensitizing Effect of DNA Glycosylase

In order to investigate the effect of hypothermia on DNA glycosylase activity, mouse embryonic stem
cells, wild type or DNA glycosylase null mutants were exposed to SM and then incubated at either
37°C or 28°C. The results in Figure 19 confirm sensitizing effect of glycosylase at 37°C and clearly
demonstrate a protective effect of post-exposure incubation at 28°C on cells with functional DNA
glycosylase (AAG +). Increased survival may be the result of either increased (or prolonged) activity
of protective pathway(s) or weakened activity of toxic pathway(s). Compared to the wild type,
glycosylase-deficient cells (AAG-) survive better at both temperatures and the beneficial effect of low
temperature is much less pronounced than in the wild type cells. The results strongly suggest that at
least one component of protection from toxicity of SM by hypothermia is due to the modulation of

repair pathway initiated by DNA

glycosylase.
37°C 28°C
100 100
—0—AAGH é
3 —8—AAG- > Figure 19. Hypothermia protects
s 10 - s 10 - mammalian cells from SM toxicity by
% % diminishing sensitizing effect of DNA
(7 (7 glycosylase activity. Mouse embryonic
e E stem cells, wild type (O) or DNA
3 1 l(.l)] 1 glycosylase null mutants (@) were exposed
(74 & . to SM for 1h and then incubated at either
& 'C-E xg_ 37°C (left panel) or 28°C (right panel) for
0.1 o 0.1 o two days. Cell viability was determined by
0 50 100 150 200 0 50 100 150 200 trypan blue exclusion assay.
SM [uM] SM [pM]
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Mechanisms of Cellular Response to Hypothermia
Role of p21"*F! in Cell Cycle Arrest by Hypothermia

Hypothermia ameliorates toxic effects of SM. We believe that at least two mechanisms are involved;
one is related to the weakening of the sensitizing effect of DNA glycosylase and the other is based on
the cell cycle arrest at low temperature (7). Hypothermia arrests cell cycle progression in a p53-
dependent manner (9, 28) and therefore we expect that p53 has the key role in cell cycle-related
protective effects of hypothermia.

In DNA damage-induced cell cycle arrest, p53 transcriptionally activates expression of the cyclin-
dependent kinase inhibitor, p21 protein. This protein inhibits the transition from G1 to S phase of the
cell cycle by preventing phosphorylation of Rb protein. In order to determine whether or not p21 is
involved in the cell cycle arrest that occurs in mouse and human cells at low temperature (9), we
examined cell cycle progression as BrdU incorporation in p21 null mutant mouse embryonic
fibroblasts incubated at 28°C. The results in figure 20 show that in contrast to wild type mouse
embryo fibroblasts that arrest at 28°C, p21 null mutants, continue to
incorporate BrdU and are similar to p53 null mutants in this regard. This
suggests that in addition to p53, p21 protein is required for cell cycle arrest by
hypothermia.

WT

p53-/- Figure 20. Effect of p53 and p21 status on cell cycle progression at low temperature.

Mouse embryo fibroblasts were incubated at 28°C for 45h, labeled with BrdU for 2h and
stained with anti-BrdU-FITC and propidium iodide for FACS analysis. Cell cycle arrest
occurs in cells with wild type p53 but not in p53- and p21-deficient cells. PI fluorescence (x-
axis) visualizes DNA content per cell and FITC fluorescence (y-axis, above the line) the
BrdU incorporation. In contrast to the p53- and p21-deficient cells, there are only two
subpopulations in wild type cells: G1 (events on the left) and G2 (events on the right, double
fluorescence intensity indicating twice as much DNA); there are no S-phase cells (between
G1 and G2) that actively replicate DNA and incorporate BrdU.
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Expression of p21 at Low Temperature

We have shown that hypothermia increases levels of p21 in normal human fibroblasts (9) and that cell
cycle arrest at low temperature requires p21 (Figure 20). We then addressed the questions: is p21
expression activated at 28°C and, if it is activated, does p53 regulate its expression? Human Saos-2
cells deficient in p53 were transiently transfected with p53 expressing plasmid and co-transfected with
p53-responsive p21 VAL Juc reporter plasmid containing the p21 VA" promoter upstream of the gene
for firefly luciferase. This plasmid allows for the determination of p21 expression by measuring the
levels of luciferase in cell lysates. Figure 21 shows p21 expression in cells incubated at either 37°C or
28°C in the presence or absence of p53. Luciferase levels were determined 72h after transfection. The
results show that low temperature indeed induces expression from the p21 promoter, and that this
expression is taking place in cells both with and without p53, although the levels of expression are
higher in the presence of p53.
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7 37°C Figure 21. Effect of temperature on expression from p21WAF

promoter in the presence or absence of p53. Human Saos-2 cells
deficient in p53 or stably transfected with p53 were transiently
transfected with p21%*F-luc reporter plasmid. p21VAF! expression
was measured as firefly luciferase levels 72 h after transfection.

These results demonstrate that hypothermia activates

expression of pZIWAF'1 and suggest that p53 may have a

role other than p21 activation in cell cycle arrest at low

temperature.  pS53-independent p21 expression was

po3+ po3- described for some tumor cell lines following serum

stimulation (29) and for normal tissues as p33-

independent compartmentalization (30) and TGF-B-regulated growth control (31). Hypothermia-
induced regulatory pathways of p21 expression require further investigation.

LUCIFERASE EXPRESSION

Cell Survival under the Conditions of Mild Hypothermia

Hypothermia arrests cell cycle progression in a p53-dependent manner (9) and this cell cycle arrest
may contribute to the protective effect of hypothermia against SM toxicity. We addressed the
questions, 1) how do the undamaged mammalian cells tolerate conditions of prolonged hypothermia
and 2) whether or not cellular p53 status has a role in survival under such conditions.

To test this, p53 wild type and p53 null mutant mouse embryo fibroblasts were incubated at 37°C and

28°C, and viability was determined by TBE assay. As shown in Figure 22, p53 wild type cells

maintain a constant viable cell number with very few dead cells in the population for the duration of

the experiment (two weeks). In contrast, survival of p53 deficient cells is compromised by prolonged

periods of hypothermia. Although total cell numbers increase during the first several days at 28°C, the

number of dead cells in p53-/- population increases over time and, at later time points, exceeds that of
viable cells in the population.
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! DAY vz SD A; s Figure 22. Loss of p53 function increases
i 20 the level of cell death under hypothermic
2 w | s conditions. Mouse embryo fibroblasts, wild
p53-/- 25| [ type or p53-null mutants, were incubated at
a 20 | 0 37°C or 28°C and viability was determined
% e 5 D H by the trypan blue exclusion assay. Dead
<0 0 s 7 cells fraction of total number is shown as
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The results demonstrate that healthy p53 wild type cells tolerate prolonged periods of low temperature
better than p53-deficient cells. The increased tolerance to prolonged hypothermia correlates with the
ability to arrest/delay cell cycle progression and could be due to the p53-dependent activation of the
G2/M checkpoint at 28°C. Low temperatures compromises tubulin binding to centrosomes (32) that
may trigger the p53-dependent G2/M cell cycle arrest. Further studies are needed in order to confirm a
p53-dependent nature of hypothermia-induced G2/M arrest and the protective effect of this arrest on
cell survival.

KEY RESEARCH ACCOMPLISHMENTS
We have found that:

e Nucleotide excision repair (NER) protects both mammalian and bacterial cells against toxic
effects and, at least bacterial cells, against the mutagenic effects of sulfur mustard (SM).

e Cytotoxic mustard monoadducts are substrate for NER.
e In contrast to the protective effect of NER, bacterial alkyladenine DNA glycosylase, the first
enzyme on the base excision repair pathway, increases sensitivity to toxic and mutagenic

effects of SM.

o Sensitizing effect of DNA glycosylase occurs, at least in bacterial cells, regardless of their NER
status.

e While cloned isoforms of human DNA glycosylase complement the sensitivity of glycosylase-
deficient E. coli cells to methylating agent MMS, they sensitize cells to SM toxic effects.

o Sensitizing effect of DNA glycosylase is not limited to bacterial cells; mouse embryonic stem
cells and fibroblasts with functional DNA glycosylase are more sensitive to SM than the

isogenic cells lacking glycosylase activity.

e Presence of mustard monoadducts in DNA is responsible for the sensitizing effect of DNA
glycosylase.

e DNA glycosylase interferes with the repair of SM and CEES damaged DNA.

e Hypothermia (28°C) significantly delays the initiation of replicative DNA synthesis in normal
human fibroblasts.

e Hypothermia protects mammalian cells from SM toxicity.
e Hypothermia does not compromise nucleotide excision repair function in SM-exposed cells.
e Hypothermia counteracts sensitizing effect of DNA glycosylase in SM-exposed cells

e Cell cycle arrest at low temperature requires the presence of both tumor suppressor p53 and
kinase inhibitor p21V4F! in cell.
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e Expression of p21V*F!is induced under the conditions of hypothermia.

WAF-1
1

e Hypothermia activates expression of p2 in p53-independent manner.

e p53 deficient cells have reduced tolerance to prolonged periods of hypothermia.

REPORTABLE OUTCOMES
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CONCLUSIONS

By investigating natural pathways involved in cellular responses to SM-induced DNA damage, we
were successful in identifying two levels of response where the proper intervention may modulate the
outcome of damage and minimize toxicity. The first level directly involves the activity of DNA repair
enzymes, while the second level involves the regulation of cell cycle progression.

Two DNA repair pathways involved in processing of SM-damaged DNA have opposite effects on
survival and mutagenesis of exposed cells. While the nucleotide excision repair (NER) protects cells,
base excision repair, due to the activity of DNA glycosylase, sensitizes cell to SM. These findings
clearly set the directions for possible intervention: conditions that, either separately or in concert,
enhance the effects of NER and attenuate sensitizing effect of DNA glycosylase, should provide
protection against SM toxicity.

We have determined one type of DNA lesions, mustard monoadducts, that are involved in glycosylase-
mediated sensitization and identified one set of post-exposure conditions, low temperature, that
counteracts sensitizing effects of glycosylase and increases survival. Future studies that would shed
more light into both, mechanisms of sensitization by glycosylase and role of NER in repair of SM-
induced crosslinks, would allow us to explore other avenues of intervention that directly involve
processing of DNA damage.

Intervention at the level of cell cycle regulation is exemplified by our results with hypothermia
suggesting that the arrest or delay in cell cycle progression has beneficial effects on survival after SM
exposure. Mechanisms of protection by low temperature may be based on increased time available for
the repair of lesions before the initiation of critical cellular events such as DNA replication and
mitosis. However, cell responses to hypothermia appear to be very complex and other mechanisms of
protection may be involved. '

We were the first to identify two proteins, p53 and p21, whose levels are increased by hypothermia and
both proteins are required for the cell cycle arrest at low temperature. Our finding of p53-independent
expression of p21 at low temperature raises an intriguing question of the p53 role in cell cycle arrest at
low temperature. It is likely that p53 has an additional role in response to combined stress, either in
apoptotic or DNA repair branches of its functional network. Better understanding of cellular response
to low temperature would help us to determine specific processes as a potential target(s) for
intervention.
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APPENDICES

Abbreviations
AAG alkyladenine glycosylase
AP apurinic/apyrimidinic
APNG alkylpurine glycosylase
BER base excision repair
BrdU 5-bromo-2'-deoxyuridine
CEES chloroethyl ethyl sulfide
CHO Chinese hamster ovary
CL crosslink
FBS fetal bovine serum
FITC fluorescein isothiocyanate
HA hemagglutinin
hAAG human alkyladenine glycosylase
MEF mouse embryonic fibroblasts
MEM, minimal essential media
MMS methyl methane sulfonate
MNNG N-methyl-N'-nitro-N-nitrosoguanidine
NER nucleotide excision repair
NHF normal human fibroblasts
PI propidium iodide
SM sulfur mustard
TBE trypan blue excluding assay
WT wild type
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DNA damage is thought to be the initial event that causes
sulfur mustard (SM) toxicity, while the ability of cells to
repair this damage is thought to provide a degree of natural
protection. To investigate the repair process, we have
damaged plasmids containing the firefly luciferase gene
with either SM or its monofunctional analog, 2-chloroethyl
ethyl sulfide (CEES). Damaged plasmids were transfected
into wild-type and nucleotide excision repair (NER) defi-
cient Chinese hamster ovary cells; these cells were also
transfected with a second reporter plasmid containing
Renilla luciferase as an internal control on the efficiency
of transfection. Transfected cells were incubated at 37°C
for 27 h and then both firefly and Renilla luciferase intensit-
jes were measured on the same samples with the dual
luciferase reporter assay. Bioluminescence in lysates from
cells transfected with damaged plasmid, expressed as a
percentage of the bioluminescence from cells transfected
with undamaged plasmid, is increased by host cell repair
activity. The results show that NER-competent cells have
a higher reactivation capacity than NER-deficient cells for
plasmids damaged by either SM or CEES. Significantly,
NER-competent cells are also more resistant to the toxic
effects of SM and CEES, indicating that NER is not only
proficient in repairing DNA damage caused by either agent
but also in decreasing their toxicity. This host cell repair
assay can now be used to determine what other cellular
mechanisms protect cells from mustard toxicity and under
what conditions these mechanisms are most effective.

Introduction

Sulfur mustard, bis-(2-chloroethyl) sulfide (SM), is a bifunc-
tional alkylating agent that has cytotoxic, mutagenic and
vesicant properties, and is considered carcinogenic by the
IARC (1). Sulfur mustard interacts with cellular DNA to
form the cross-link, di-(2-guanin-7-yl-ethyl)-sulfide, and two
monoadducts, 7-(2-hydroxyethylthioethyl) guanine (HETEG)
and 3-(2-hydroxyethylthioethyl) adenine (HETEA) (reviewed
in ref. 2). DNA modification by SM has been shown to
interfere with replication and transcription and is probably
responsible for its various toxicities (3-3).

Since the resistance of Escherichia coli cells to the lethal
effect of SM correlates with their ability to remove cross-
links, it has generally been assumed that the formation of
DNA cross-links is a major cause of SM toxicity (3,6).

Abbreviations: CEES, 2-chloroethyl ethyl sulfide; HETEA, 3-(2-hydroxy-
ethylthioethyl) adenine; HETEG, 7-(2-hydroxyethylthioethyl) guanine; NER,
nucleotide excision repair; SM, sulfur mustard, bis-(2-chloroethyl) sulfide.
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However, the toxicity and vesicating properties of monofunc-
tional derivatives of sulfur mustard, such as 2-chloroethyl
ethyl sulfide (CEES), which generate similar monoadducts but
do not form cross-links (2), suggest that monoadducts also
contribute to the biological effects of sulfur mustard.

Previously, the cellular repair of SM-damaged DNA has
been demonstrated either by measuring the disappearance of
alkyl groups from DNA (7,8) or by monitoring the occurrence
of non-semiconservative DNA synthesis (‘repair synthesis’) in
cells exposed to sulfur mustard (9). The removal of DNA
cross-links specifically has been demonstrated by several
investigators in both E.coli and mammalian cells (3,8,10-12).

However, the specific cellular repair pathways and enzymes
that act on SM-induced DNA adducts have not been completely
established. In vitro studies have shown that bacterial 3-
alkyl adenine DNA glycosylase II releases both of the SM
monoadducts, 7HETEG and 3HETEA, from SM-modified
DNA indicating that base excision repair may play a role in
repairing sulfur mustard lesions (13). The involvement of
another repair pathway in eukaryotic organisms, nucleotide
excision repair (NER), has been suggested by the study of
Kircher et al. (14) who have shown that yeast mutants deficient
in nucleotide excision repair are much more sensitive to sulfur
mustard than wild-type cells.

Although the biochemical studies mentioned above indicate
that DNA repair processes act on SM-modified DNA, they do
not demonstrate whether or not the damaged DNA has been
restored to a functional state. To address this issue, other
investigators have used a variety of host cell reactivation
assays to demonstrate functional repair of DNA after damage
by antitumor agents (15-18). In this manuscript, we describe
the use of a dual luciferase reporter assay to demonstrate
cellular repair of mustard-induced DNA damage.

We have first established that NER-competent Chinese
hamster ovary cells are more able to withstand the toxic effects
of SM than are NER-deficient cells. Then, using the dual
luciferase host cell reactivation assay, we have shown that
NER-competent cells are able to repair SM-damaged reporter
plasmid and bring luciferase expression from the plasmid to
higher levels than in NER-deficient cells, thus correlating
DNA repair with SM toxicity.

We have also used the host cell reactivation assay to examine
cellular repair of the damage caused by the single armed
mustard, CEES. As shown in Figure 1, CEES forms monoad-
ducts that are very similar to those formed by SM, thus
allowing the effects of monoadducts on survival and repair to
be examined independently from the effects of cross-links.
These studies have shown that the toxicity of CEES is also
decreased in NER-competent cells in comparison with NER-
deficient cells. Luciferase expression from plasmid damaged
by CEES is enhanced in NER-competent cells compared
with NER-deficient cells, indicating that the monofunctional
mustard adducts formed by CEES are cytotoxic and are also
substrates for NER. From these results, we conclude that this
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Damaged plasmid
pGL3 containing
firefly luciferase gene

Undamaged plasmid
pRL-TK containing
Renilla luciferase genc

Cotransfect CHO cell lines
with both plasmids

Incubate for 27 h and then
assay cells for firefly and
Renilla luciferase activities

Divide the firefly/ Renilla luciferase
activity ratio by the ratio obtained when
undamaged firefly luciferase plasimid is

cotransfected into that cell line

Fig 3. Scheme for monitoring DNA repair using damaged luciferase
reporter gene in CHO cells. The level of firefly luciferase activity relative to
Renilla luciferase activity is a measure of how efficiently the damaged
firefly luciferase gene has been repaired.

Results

The data in Figure 2 show that CHO cells exposed to either
SM or CEES are protected from cytotoxicity by the NER
mechanism. Referring to data on day 3 (D3), >50% of NER-
competent cells survive exposure to 20 uM SM while fewer
than 2% of the NER-deficient cells survive. A similar difference
is noted after exposure to CEES except that concentrations of
CEES >10-fold greater than those of SM are required to
produce the same level of cytotoxicity. Again at day 3, survival
for wild-type cells is close to 100% after exposure to 300 UM
CEES, but only ~5% for NER-deficient cells.

Based on the assumption that unrepaired DNA damage is
responsible for SM cytotoxicity, we would expect that the
increased survival shown in Figure 2 would be accompanied
by an increase in cellular repair of DNA. This has been
confirmed by measuring cellular DNA repair directly with the
host cell repair assay as described below. In this assay, a
plasmid that contains a gene for firefly luciferase is damaged
by SM or CEES and then transfected into the cells that are to
be evaluated for repair. Cells that can repair the DNA damage
will express the luciferase gene at a higher level (i.e. the cells
will ‘reactivate’ the gene). This results in an increased intensity
of firefly luciferase bioluminescence that can be used to
determine the extent of repair.

To compensate for variations in the efficiency of transfection
and other experimental variables, luciferase reporter gene
assays are usually run using dual transfection with DNA from

Repair of sulfur mustard-induced DNA damage
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Fig 4. DNA damage caused by SM and CEES. The percent conversion of
the firefly luciferase plasmid to Form II is plotted versus the concentration
of mustard to which it was exposed.
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Fig 5. Relative luciferase expression in wild type (O) and NER-deficient
cells (@); values are means = SD from three to five separate assays. See
text for details.

two plasmids, one containing the damaged firefly luciferase
gene and the other (pRL) containing an undamaged Renilla
luciferase gene. The intensity of firefly luciferase enzyme
activity can then be compared with the level of Renilla
luciferase activity as a control. This protocol is shown in
Figure 3.

The firefly luciferase gene was damaged as described in the
Materials and methods by exposing plasmid pGL3 to either
SM or CEES in vitro. Damaged plasmid was then recovered
and used in the host cell reactivation assays as shown in
Figure 3.

Damage to plasmid DNA can be detected by measuring the
conversion of the supercoiled form of the plasmid (Form I) to
the nicked circular form (Form II). We assume that the extent
of DNA damage that causes this conversion parallels the DNA
damage that interferes with expression of the luciferase gene.
Accordingly, we have measured conversion of the plasmid to
Form II as an indication of the DNA damage caused to the
firefly luciferase gene by SM and CEES. The level of conver-
sion of Form I to Form II is shown in Figure 4. As expected,
both SM and CEES convert Form I to Form II, but it takes
an ~10-fold higher concentration of CEES to cause as much
damage as is caused by a given concentration of SM.

The host cell reactivation data in Figure 5 show the extent
to which this damage was repaired in the two different cell
lines. In these experiments, plasmid containing damaged firefly
luciferase gene was transfected separately into either wild-
type or NER-deficient CHO cells. As shown in Figure 5, wild-
type cells can return luciferase expression to normal if the
plasmids are damaged with low concentrations of SM or
CEES. In contrast, NER-deficient cells show much less repair,
and levels of firefly luciferase expression fall off as the
concentrations of SM or CEES are raised.

It is possible that some of the damage to the luciferase gene
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Alkyladenine DNA Glycosylase Sensitizes Cells To Sulfur Mustard Toxicity

Christine M. Powers, Alida M. Santandrea, Michael R.Volkert, and Zdenka Matijasevic

University of Massachusetts Medical School, Worcester, MA

ABSTRACT

DNA crosslinks are considered major toxic lesions in sulfur mustard-alkylated DNA, and the repair of
crosslinks is most likely a major defense against sulfur mustard (SM) toxicity. However, DNA monoadducts can
also seriously interfere with DNA functions either directly or as precursors of crosslinks, apurinic sites, or strand
breaks, all of which, if unrepaired, can be deleterious. Our results suggest that at least two distinct DNA repair
pathways, nucleotide excision repair (NER) and base excision repair (BER), are involved in the processing of SM-
induced DNA damages. Increased sensitivity to SM of NER-deficient mammalian cells in culture indicates that at
least some cytotoxic DNA lesions induced by SM are successfully repaired by mammalian NER. The results from
the host cell reactivation assay using a plasmid damaged by either SM or its monofunctional analog, 2-chloroethyl
ethyl sulfide, demonstrate a role for NER in the repair of mustard-monoadducts. The unexpected finding, however,
is that in contrast to the protective effect of NER, expression of alkyadenine-DNA glycosylase, the first enzyme in
the BER pathway, renders bacterial cells more sensitive to both toxic and mutagenic effects of sulfur mustard. The
sensitizing effect of DNA glycosylase activity is ot unique to bacterial cells; it also occurs in mammalian cells
exposed to SM. This finding represents a new lead in the search for the modulators of sulfur mustard toxicity and
suggests that the inhibition of a specific step in the base excision repair pathway may diminish both long- and short-
term toxicity. Our recent data strongly suggest that the decrease in glycosylase activity at low temperature may
contribute to the protective effect of hypothermia against SM toxicity. We discuss possible mechanisms responsible
for the glycosylase-mediated sensitization.

This work was supported by the U.S. Army Medical Research and Materiel Command under contract DAMD17-00-
C-0012.
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INTRODUCTION

Since DNA damage represents the initial event in sulfur mustard (SM) toxicity, we sought to first identify
pathways involved in cellular responses to SM-induced DNA damage and in protection from its toxicity. We have
demonstrated that two independent repair pathways, nucleotide excision repair (NER) [1] and base excision repair
(BER) [2] are involved in processing of SM-modified DNA. The protective effect of nucleotide excision repair

“against SM toxicity is well defined on the basis of survival data demonstrating high sensitivity to SM of NER-

deficient cells and on the basis of host cell reactivation experiments showing decreased repair of SM-damaged
plasmid DNA in cells with compromised NER [1]. Protection by NER does not seem to be limited to the repair of
DNA crosslinks, since NER-deficient cells are also more sensitive to monofunctional sulfur mustard, CEES, which
generates only DNA monoadducts. At this point it is not known what specific steps of the NER pathway are
involved in the repair of SM lesions and what conditions may improve NER activity and decrease SM toxicity.
Base excision repair has an important role in protecting cells against the lethal and mutagenic effects of simple
alkylating agents [3]. However, there are conflicting reports on the involvement of mammalian alkyladenine DNA
glycosylase (AAG), the first enzyme of the BER pathway, in protection against cytotoxic effects of bifunctional
alkylating agents [4], [S]. Here we show that in the same experimental system where the expression of alkyl adenine
DNA glycosylase clearly protects cells against the methylating agent methyl methane sulfonate (MMS), it sensitizes
cells to SM-induced effects. This sensitizing effect of glycosylase also occurs in cells exposed to monofunctional
sulfur mustard CEES. While these results do not rule out the possible role of DNA crosslinks in glycosylase-
mediated sensitization, they do indicate that the processing of SM monoadducts contributes to the phenomenon.

The discovery that the activity of a specific enzyme increases SM toxicity encourages search for the
conditions that could modulate this activity. We have previously demonstrated that hypothermia induces reversible
cell cycle arrest in mammalian cells in culture [6] and this p53-dependent response is probably one of the
mechanisms how hypothermia protects cells from SM toxicity. Here we show that hypothermia also abrogates
glycosylase-mediated sensitization of SM-exposed cells suggesting that the modulation of glycosylase activity
represents another mechanism of protection at low temperature.

MATERIALS AND METHODS

Bis-(chloroethyl) sulfide (SM) was supplied by the US Army Institute of Chemical Defense (Aberdeen
Proving Ground, MD). Methy! methane sulfonate (MMS) and 2-chloroethyl ethyl sulfide (CEES) were purchased
from Aldrich (Milwaukee, WI). Antibiotics were obtained from Gibco BRL (Gaithersburg, MD). Luciferase
reporter plasmids pGL3 and pRL-TK, transfection reagent TransFast and Dual Luciferase assay kit were purchased
from Promega.

Bacterial Cells

All bacterial strains used in this study were constructed in author’s (M.R.V.) laboratory, University of
Massachusetts Medical School, Worcester, MA. Their relevant genotypes are: MV1161, argE3; MV1273, argE3
uvrd; MV 1174, argE3 alkA1; MV 1302, argE3 alkA1 uvrA. Cells were grown in liquid Luria-Bertani (LB) medium
at 37°C with aeration. Permanent stocks are maintained at —-80°C in LB with 10% DMSO.

Bacterial Cell Survival and Mutation Frequency

Cells were grown in LB medium to approximately 5x10® cells per ml at 37°C with aeration. Aliquots of
cell suspensions were transferred in the SterilchemGARD hood and exposed to different doses of SM or CEES for
60 min. Cell dilutions were prepared in E-salts buffer containing 4% Na,S,0; and plated in triplicate on ESEM
media for both total surviving colonies and Arg+ revertants. Plates were incubated for 48h at 37°C and surviving
colonies and Arg+ mutants were counted. Survival was expressed as a percentage of untreated control and mutation
frequency was calculated as the number of Arg+ revertants per survivor.
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Mammalian Cell Culture

Mouse embryonic fibroblasts (MEF), wild type (APNG+/+) and alkyladenine DNA glycosylase- null
mutants (APNG-/-), both spontaneously transformed, were a gift from Dr. Rhoderick H. Elder from Paterson
Institute for Cancer Research, Manchester, UK [5]. Cells were grown in D-MEM/F-12 medium containing L-
glutamine (GibcoBRL, Gaithersburg, MD) supplemented with fetal bovine serum (10%), nonessential amino acids,
nucleosides, penicillin and streptomycin.

Mouse embryonic stem (ES) cells, wild type and null mutants for 3-alkyladenine DNA glycosylase, were
obtained from Dr. Bevin Engelward (Massachusetts Institute of Technology) [4]. SNL76/7 feeder cells were
obtained from Dr. Allan Bradley (Baylor College of Medicine, Huston) [7]. ES cells were cultured on gelatinize
plates with mitotically inactive SNL76/7 feeder cells that express leukemia inhibitory factor (LIF) to prevent ES
cells differentiation [7]. Feeder cells were grown on Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with FBS (10%), glutamine and antibiotics. They were inactivated by mitomycin C (10 pg/ml for 2 h) and kept
frozen until use. DMEM media for ES cells growth was supplemented with FBS (15%), glutamine, antibiotics, 2-
mercaptoethanol and nonessential amino acids.

Mammalian Cells Survival

Cells were plated in 12- or 6-well plates at a density of 2 x 10* cells/cm®. After 24 h the medium was
replaced with fresh medium containing the indicated concentrations of SM or MMS; dilute solutions of these
compounds in absolute alcohol were prepared immediately before treatment. Cells were exposed to the chemicals
for 1 h at room temperature in a SterilchemGard hood and then incubated in fresh medium at 37°C or 28°C. At the
indicated times, cell viability was determined by the trypan blue exclusion assay. In order to include cells that may
have been detached from the monolayer, the medium above the monolayer was collected and centrifuged prior to
trypsinization, and the pellet was combined with cells detached by trypsin.

Host Cell Reactivation Assay for DNA Repair

This assay measures repair as the restoration of luciferase expression from in vitro-damaged plasmids after
the transfection into mammalian cells in culture. Purified pGL3 DNA containing the firefly luciferase gene was
dissolved in TE buffer at a concentration of 1 pg/ul and incubated with SM in a SterilchemGard hood at room
temperature for 1 h. DNA was precipitated with ethanol, dissolved in TE buffer, and stored at -20°C until used for
transfection. Aliquots were analyzed by gel electrophoresis for the level of conversion of supercoiled DNA into the
nicked circular form. In order to normalize for variations in the efficiency of transfection and lysis and for the cell
number, cells were co-transfected with undamaged pRL reporter plasmid containing Renilla luciferase as an internal
standard.

For transfection experiments, cells were plated in 24-well plates at a density of 2 x 10* cells/cm’® and
incubated for 24 h at 37°C. Transfection was performed in serum-free media using the liposome-based transfection
reagent (Promega). Optimal conditions for transfection were established at 0.5 ug of plasmid DNA per well, at a
charge ratio of transfection reagent to DNA of 1:1, and a ratio of pGL3 to pRL-TK of 10:1. After transfection cells
were incubated at 37°C in complete media, lysed and stored frozen at -20°C for the luciferase assay. The assays for
firefly luciferase activity and Renilla luciferase activity were performed sequentially in one reaction tube according
to manufacturer’s instructions.

RESULTS AND DISCUSSION

Role of DNA Glycosylase in Sulfur Mustard Toxicity

The base excision repair (BER) pathways are present in diverse organisms from bacteria to mammalian
cells [3]. In all organisms the first enzyme on the pathway, DNA glycosylase, determines the substrate specificity of
the BER. In order to determine whether alkyladenine DNA glycosylase is able to process biologically relevant
alkylation products in SM-exposed cells, we used E. coli cells that are either wild type or glycosylase-deficient, and
measured their survival as a function of SM dose. Cells deficient in the nucleotide excision repair (NER) or
deficient in both, NER and BER, were also included in the study. The results are shown in figure 1. As expected,
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nucleotide excision repair protect sells against SM toxicity and cells lacking NER (uvrA™ cells) are much more
sensitive to SM then the wild type cells (figure I, left panel). Surprisingly, however, cells lacking functional AlkA
glycosylase (Alk’, close symbols) survive better than cells that are wild type for glycosylase (open symbols). This
sensitizing effect of AIkA glycosylase function occurs in cells regardless of their NER status; AlkA+ cells are more
sensitive to SM than AIkA" cells whether or not they have functional nucleotide excision repair.

Another potential consequence of DNA damage, induction of mutations, was tested as the reversion of Arg’
into the Arg+ phenotype in cells with different repair background. The results in figure / (right panel) show that, in
contrast to the NER that protects cells from accumulation of mutations, the presence of glycosylase function
increases mutation frequency above that seen in the AlkA-deficient strain. Increased sensitivity of cells expressing
glycosylase suggests that this enzyme does act on SM-induced lesions, but process them in a manner that increases
toxicity. The sensitizing effect of AIkA glycosylase is specific for SM-exposed E. coli cells; AlkA glycosylase
protects cells exposed to simple methylating agent, methyl methane sulfonate [8].

In order to examine whether the sensitization to SM by DNA glycosylase also occurs in mammalian cells
we performed survival studies with wild type and DNA glycosylase (AAG) null mutants of mouse embryonic stem
(ES) cells. The results in figure 2 (left panel) demonstrate protective effect of glycosylase against the MMS
toxicity. However, when cells are exposed to SM (figure 2, right panel), the presence of glycosylase function in
wild type cells (WT, open symbols) has a similar effect as it has in bacterial cells, it increases sensitivity to SM; lack
of AAG in null mutant cells (AAG-/-, close symbols) make cells more resistance to SM. Therefore, the results with
ES cells indicate that the sensitizing effect of alkyladenine DNA glycosylase on SM toxicity is not unique for
bacterial cells; sensitization occurs in mammalian cells as well. The results suggest that it may be possible to
manipulate, diminish or inhibit glycosylase activity in order to both enhance survival and reduce mutagenic effects
after SM exposure.

To determine the effects of mammalian DNA glycosylase on the repair of SM-induced DNA damage we
applied the host cell reactivation assay to compare the levels of damaged plasmid reactivation in cells with and
without DNA glycosylase. The repair of DNA damage restores or “reactivates” expression from the reporter gene
and the difference in the levels of expression reflects the difference in DNA repair capacity between the two cell
lines. Figure 3 shows the results of experiments where undamaged or SM-damaged firefly luciferase reporter
plasmid was transfected into the wild type (APNG+/+) or glycosylase deficient (APNG-/-) mouse embryonic
fibroblasts. Cells were incubated at 37°C for 30 h after transfection, lysed and assayed for the levels of luciferase
expression. The results show that in cells with functional DNA glycosylase (APNG+), reactivation of plasmid DNA
exposed to higher SM doses is significantly lower than in cells deficient in DNA glycosylase (APNG-). These
results are in agreement with the survival data demonstrating a sensitizing effect of DNA glycosylase and they
suggest that at the higher level of alkylation DNA glycosylase interferes with restoration of the functional integrity
of SM-damaged DNA.

Different DNA lesions and mechanisms could account for sensitization phenomenon. Although DNA
monoadducts are natural substrates for glycosylase, it is possible that DNA crosslinks are responsible for
sensitization. In order to address the question of whethier monoadducts contribute to the increased lethal and
mutagenic effects in cells with functional DNA glycosylase, we used monofunctional sulfur mustard, chloroethyl
ethyl sulfide (CEES), which generates DNA monoadducts similar to those formed by SM, but does not form DNA
crosslinks. Effects of CEES on bacterial cells with or without endogenous DNA glycosylase are compared in
figure 4. Similar to the results with SM, the presence of a functional DNA glycosylase significantly increases both
killing (figure 4, left panel) and mutation frequency (figure 4, right panel) in E. coli cells exposed to CEES. This
sensitizing effect of glycosylase is not dependent on NER; DNA glycosylase increases mutagenesis in both NER-
wild type and NER-deficient cells. The results strongly suggest that the sensitizing effect of DNA glycosylase on
SM-exposed cells is, at least in part, due to the presence of mustard monoadducts in DNA.

The Role of Hypothermia in Protection against SM Toxicity

In contrast to heat shock, very little is known at the molecular level about the response of mammalian cells
to cold. We have demonstrated [6] that hypothermia represents a p53-inducing condition and that lowering
temperature to 28°C causes reversible cell cycle arrest in normal human fibroblasts. The effect of low temperature
on cell cycle in damaged cells is likely to be dependent on a number of factors including cellular DNA repair status.
Providing low temperature does not compromise protective pathways or intensify toxic ones, the delay in
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progression is likely to be beneficial for survival by allowing more time for processing of damaged DNA before the
onset of DNA synthesis and mitosis.

Since the activity of DNA glycosylase apparently contributes to SM toxicity when cells are incubated at
37°C after exposure, we asked what impact, if any, hypothermia has on this sensitization. To answer this question
we measured survival of mouse embryonic stem cells, wild type or DNA glycosylase null mutants that were
incubated at either 37°C or 28°C after the exposure to SM. The results in figure 5 (left panel) clearly demonstrate a
protective effect of post-exposure incubation at 28°C on cells with functional DNA glycosylase (WT). This
increased survival may be the result of either increased activity of protective pathway(s) or weakened activity of
toxic pathway(s). The results in figure 5 (right panel) show the survival of glycosylase-deficient cells at two
temperatures. Compared to the wild type, glycosylase-deficient cells survive better at both temperatures and the
beneficial effect of low temperature is much less pronounced than in the wild type cells. This results strongly
suggest that at least one component of protection from SM toxicity by hypothermia is due to the weakening of
glycosylase-mediated sensitization at low temperature.

One possible mechanism of sensitization may be through the direct interaction of glycosylase with SM-
damaged DNA in such a way that generates more toxic repair products. Such products can be formed either through
the overwhelming AP site formation leading to the DNA strand brakes or through the lack of glycosylase
dissociation from DNA that could interfere with subsequent repair steps. Alternatively, sensitization can be caused
by the glycosylase interference with the repair of highly toxic DNA crosslinks, either directly or through the effect
on cellular factors linking BER and NER pathways. One possible candidate is hHR23 protein that is, in complex
with XPC protein, required for the damage recognition step in NER pathway [9]. It was recently found that hHR23
proteins also interact with human alkyladenine DNA glycosylase, the first enzyme in the BER pathway, and
increases binding affinity of glycosylase for damaged DNA [10]. If indeed DNA glycosylase and XPC protein
compete for hHR23, then glycosylase may weaken repair of crosslinks by depletion of hHR23 protein. Further
studies on the mechanisms of sensitization by glycosylase and protection by hypothermia would help us to better
determine conditions for efficient protection against SM toxicity.
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Figure 1. Effect of DNA repair on survival and mutation induction in E. coli cells exposed to sulfur mustard.
Wild type (O), AlkA glycosylase-deficient (@), NER-deficient (A) or glycosylase and NER-deficient (A) cells
were exposed to SM for 30 min and plated for total cell number and for Arg+ revertants. Survival (left panel) was
calculated as a percent of untreated control and mutation frequency (right panel) was calculated as a number of
revertants among survivors.
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Figure 2. Effect of DNA glycosylase on survival of mouse embryonic stem cells exposed to MMS or SM.
Mouse embryonic stem cells, wild type (WT, O) or DNA glycosylase null mutants (AAG-/-, @) were exposed to
MMS (left panel) or to SM (right panel) for 1h and incubated at 37°C for 2 days. Cell viability was determined by
trypan blue exclusion assay. While presence of glycosylase protects cells from toxic effects of MMS, it increases
their sensitivity to SM.
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Figure 3. Effect of DNA glycosylase on luciferase expression from SM- damaged reporter plasmids.

Wild type cells () and APNG-deficient cells (O) were cotransfected with either the SM-damaged or undamaged
firefly luciferase reporter plasmids and with undamaged Renilla luciferase reporter plasmids. Cells were incubated at
37°C and lysed. Firefly luciferase activity was normalized to correct for variations in transfection efficiency using
Renilla luciferase as an internal standard. Firefly luciferase activity in cells transfected with damaged plasmid,
expressed as a percent of activity in cells with undamaged plasmid, represents the extent of DNA repair for the

given cell line.
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Figure 4. Effect of DNA repair on survival and mutation induction in E. coli cells exposed to 2-chloroethyl
ethyl sulfide (CEES). Wild type (O), AlkA glycosylase-deficient (@), NER-deficient (A) or glycosylase and
NER-deficient (A) cells were exposed to CEES for 60 min and plated for total cell number and for Arg+ revertants.
Survival (left panel) was calculated as a percentage of untreated control and mutation frequency (right panel) was
calculated as the number of revertants among survivors.
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Figure 5. Hypothermia protects mammalian cells from SM toxicity by diminishing sensitizing effect of DNA
glycosylase. Mouse embryonic stem cells, wild type (left panel, O and A) or DNA glycosylase null mutants (right
panel, ® and A) were exposed to SM for 1h and then incubated at either 37°C (@ and O) or 28°C (A and A) for
two days. Cell viability was determined by trypan blue exclusion assay.
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Abstract

The alkyladenine DNA glycosylase (AAG) has been cloned from mouse and humans. AAG knock out mouse cells
are sensitized to a variety of alkylating and cross-linking agents suggesting AAG is active on a variety of substrates.
In humans, two isoforms have been characterized that are generated by alternative splicing and contain either exon la
or 1b (hAAGI or hAAG2). In this study, we examine the ability of the both known isoforms of human AAG (hAAG)
to contribute to survival of Escherichia coli from treatments with simple alkylating agents and cross-linking alkylating
agents. Our results show that hAAG is effective at repairing methy! lesions when expressed in E. coli, but is unable to
afford increased resistance to alkylating agents producing larger alkyl lesions such as ethyl lesions or lesions produced
by the cross-linking alkylating agents N,N'-bis-chloroethyl-N-nitrosourea (BCNU), N-(2-chloroethyl)-N-nitrosourea (CNU)
or mitomycin C. In the case of CNU, expression of hAAG causes increased sensitivity rather than resistance, suggesting
deleterious effects of hAAG activity. We also demonstrate that there are no apparent differences between the two isoforms
of hAAG when recovery from damage produced by all alkylating agents is tested. © 2002 Elsevier Science B.V. All rights
reserved.

Keywords: Alkylation resistance; E. coli cells; Human alkyladenine DNA glycosylase

1. Introduction terial mutants lacking their own AAG (AlkA and
TagA) [1-3]. Studies with mouse embryonic stem
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(hAAG) was identified by its ability to complement (mAAG) gene causes sensitivity not only to the methy-
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BCNU [6]. The lack of any detectable alkyl base ex-
cision repair (BER) activity in AAG deficient mouse
cells suggests that this is the only alkyl specific DNA
glycosylase present in mammalian cells [5]. This con-
clusion is strengthened by the lack of any additional
identifiable hAAG paralogues in the human genome
{71.

The hAAG gene exists in two known isoforms that
result from differential splicing, incorporating either
exon la (hAAG1), or exon 1b (hAAG2) [8,9]. Both
isoforms of hAAG appear to be expressed in all tissues
examined and no differences in substrate specificity
have been detected to date [9,10]. In order to further
examine which lesions can be repaired by hAAG and
to determine if any differences in substrate specifici-
ties can be detected when the two hAAG isoforms are
compared, we tested their ability to protect repair de-
ficient bacterial cells from lethality upon exposure to
different alkylating agents.

Bacteria have two different AAGs, one encoded
by the tagA gene, and a second encoded by the alkA
gene. The AlkA glycosylase can excise not only
chemically methylated purines and pyrimidines from
DNA [11,12], but can also remove more complex
lesions such as chloroethylated, ethylthioethylated
bases as well as exocyclic DNA adducts generated by
environmental and chemotherapeutic agents [13-17].
More complex alkyl lesions are also substrates for
uvrABC-dependent nucleotide excision repair (NER).
The NER pathway assists the BER pathway and, as
the complexity of the lesion increases, probably re-
places the alkA and tagA pathways as the primary
mechanism of repair. It has also been demonstrated
that the alkA encoded DNA glycosylase is unable to
prevent formation of cross-links by interaction with
intermediates in their formation [18].

2. Materials and methods
2.1. Chemicals

MMS, N-methyl-N -nitro-N-nitrosoguanidine (MN-
NG), N-ethyl-N'-nitro-N-nitrosoguanidine (ENNG)
and mitomycin C were obtained from Sigma. N-(2-
chloroethyl)-N-nitrosourea (CNU) and BCNU were
obtained from the Division of Cancer Treatment,
National Cancer Institute (Bethesda, MD).

2.2. Construction of hAAGI1 and hAAG2
expression plasmids

We constructed an IPTG inducible hAAG1 ex-
pression plasmid by transferring the EcoRI-HinDIII
fragment which contains the hAAG1 coding sequence
from pBU16 (obtained from Leona Samson, Mas-
sachusetts Institute of Technology), and cloning this
fragment into the pTrc99a vector (Pharmacia). This
plasmid allows expression of genes from the strong
pTrc promoter and carries the lacl? repressor gene to
control expression. The EcoRI to HinDIII fragment
carrying hAAG1 was first transferred from pBU16 to
pTrc99a. Upstream pBU16 sequences were replaced
by removing the EcoRI to BstEII fragment and replac-
ing it by inserting two annealed oligonucleotides mv1
and mv2 (Table 1). These oligonucleotides are com-
plementary to one another, producing single-stranded
ends complementary to EcoR1 and the BstEII site
present in hAAGI1. They also contain a consensus
ribosome binding site (AGGAGG) and the ATG start
codon of the hAAGI gene appropriately positioned
for optimal expression.

The plasmid encoding the histidine tagged form of
hAAGI1 was constructed by replacing the 3’ end of
the cloned gene by digesting with Celll and HinDIII,
then replacing the Celll to HinDIII fragment en-
coding the hAAG carboxyl terminus with the two
self-complementary oligonucleotides mv3 and mv4
(Table 1). After annealing, these oligonucleotides pro-
duce unpaired ends compatible with Celll and HinDIII
digested DNA. When inserted into the hAAGI1 plas-
mid, they restore the last seven codons of the hAAG
genes and insert six histidine codons upstream of the
stop codon. All plasmid constructions were confirmed
by DNA sequencing.

The difference between the hAAG1 and hAAG2
isoforms is due to alternative splicing resulting in
the presence of either the 13 amino acid exonla of
hAAGT or the 8 amino acid exon 1b of hRAAG2 [8,10].
The hAAGI clone was converted to hAAG?2 in several
steps. The first step replaced exon la with exon 1b
using primer mv8 (Table 1) which contains an EcoR1
site near its 5" end, followed by sequences encoding
exon 1b and the first 24 bases of exon 2 which is com-
mon to both isoforms of hAAG. The second primer
was mv6 (Table 1) which hybridizes downstream of
the HinDIII sequence beyond the 3’ end of the hAAG
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Table 1

Oligonucleotides used in hAAG plasmid constructions

Oligo Sequence

mvl AATTCTAAGGAGGTATCTAATG

mv2 GTGACCATTAGATACCTCCTTAG

mv3 TGAGCAGGACACACAGGCCCATCATCATCATCATCACTGA

mv4 AGCTTCAGTGATGATGATGATGATGGGCCTGTGTGTCCTGC

mv6 CTGTATCAGGCTGAAAATC

mv8 GCGCGAATTCTGATGCCCGCGCGCAGCGGGGCCCAGTTTTGCCGACGGATGGGGC
mv20 CATGGAATTCTAAGGAGGTATCTAATGCCCGCGCGCAGCGGGGCCCAGTTTTGC

coding sequence. This PCR fragment was cleaved
with EcoRI and HinDIII and ligated into the pTrc99A
vector to clone hAAG2, producing pMV514. Next,
sequences upstream of the hAAG2 coding sequence
were replaced using primers mv20 and mv6 (Table 1)
and pMV514 as template (Table 1) in a PCR reaction
to amplify hAAG2. Primer mv20 contains an EcoRI
site near its 5’ end followed by sequences identical
to those present upstream of hAAGI and the first 30
bases of hAAG2. Cloning the EcoRI to HinDIII frag-
ment from this PCR reaction into pTrc99A resulted in
the production of a plasmid pMV536 that differs from
the hAAG-(his)s expressing plasmid only in its exon 1
sequence. The upstream region and hAAG?2 sequence
was confirmed by DNA sequencing. The EcoRI to
Afell region of pMV536 was then purified and used to
replace the EcoRI to Afell region of pMV509 to pro-
duce the hAAG2 expressing plasmid pMV543. This
same fragment was also used to replace the EcoRI to
Afell region of pMV513 to produce the his tagged

hAAG?2 expressing plasmid pMV545. The inducible
hAAG1 and hAAG?2 plasmids constructed by these
methods proved to be stable and allow maintenance
of the hAAG plasmids in E. coli.

2.3. Bacterial strains

All bacterial strains and plasmids used in this study
are listed in Table 2.

2.4. Survival studies

Survival studies were performed as described previ-
ously [19]. Briefly, cells were grown to mid-log phase
in standard LB medium, treated with IPTG (1 mM)
for 90 min to induce hAAG expression, then treated
with the alkylating agent at various concentrations
for 30 min, then immediately diluted 1:100 in 4%
NayS,0s5 to stop exposure to alkylating agents. Cells
were then diluted further and plated on LB plates.

Table 2

Bacterial strains

Strain Relevant genotype Plasmid Source or reference
MVile1? Wild type none [19]
MV1176 uvrA6 none This study
MV4211 alkAl tagAl ompT pMV513 (hAAG1-(his)s)® This study
MV4213 alkAl tagAl ompT pMV536 (hAAG2-(his)s) This study
MV4224 alkA] tagAl pMV509 (hAAG1) This study
MV4228 alkAl tagAl pTrc99a This study
MV4232 alkAl tagAl pMV550 (hAAG2) This study
MV4236 alkAl tagAl uvrA6 pTrc99a This study
MV4237 alkAl tagAl uvrA6 pMV509 (hAAG1) ~ This study
MV4239 alkAl tagAl uvrA6 pPMV550 (hAAG2) “'This study

4 Bacterial strains are derivatives of MV1161 which carries the following additional mutations: thr-1 ara-14 leuB6 A(gpt-proA)62 lacYl
tsx-33 supE44 galK2 hisG4 rfbD1 mgl-51 rpsL31 kdgK51 xyl-5 mtl-1 argE3 thi-1 rfa-550.
b All plasmids are derivatives of pTrc99A (Pharmacia) and hAAG alleles are inserted into the EcoRI and HinDIII restriction sites of

this vector.
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Surviving colonies were counted after 24 h incubation
at 37°C. Presence or absence of the vector had no
detectable effect on survival. All graphs represent the
averages of two or more experiments and standard er-
rors are included for all points on graphs.

2.5. Western blot analysis

Cells were grown as described for survival studies.
After addition of IPTG (2mM), cells were incu-
bated for various times, adjusted to a constant cell
concentration by adjusting ODggp to identical lev-
els, centrifuged and resuspended in lysis buffer [20].
Samples were then boiled for 10 min and centrifuged,
then identical volumes of samples were loaded onto
a 12% SDS polyacrylamide gel. After electrophoretic
separation, proteins were transferred to an immobilon
P membrane (Millipore) using a blot transfer appara-
tus (Bio-rad). Blots were incubated in PBS containing
5% nonfat milk and 0.1% Tween-20, rinsed twice
with PBS with 0.1% Tween-20 (PBST) and probed
with anti-histidine antibody according to the manu-
facturers protocol (Qiagen). After 1h incubation, the
membrane was rinsed several times with PBST and
treated with anti-mouse Ig horseradish peroxidase
linked whole antibody from sheep (Amersham Life
Science) for 1h. After rinsing, the membrane was
treated using an ECL+ Western blotting detection
kit (Amersham-Pharmacia) for chemi-luminescence
detection. Quantification was performed by densito-
metric scanning (Molecular Dynamics) ImageQuant
(Molecular Dynamics) image analysis.

3. Results

3.1. Methylation resistance of E. coli cells
expressing hAAGI and hAAG2

Fig. 1 shows the effect of hAAG expression on
resistance to methylation damage in repair deficient
bacteria. E. coli strains lacking the ability to carry out
BER of alkyl lesions due to inactivation of the alkA
and ragA genes are very sensitive to treatments with
the methylating agents MMS and MNNG. In contrast,
inactivation of NER by mutation of the uvrA gene
has little or no effect on survival (Fig. 1). Expression
of either the hAAG1 or hAAG2 isoforms results in

effective complementation of MMS and MNNG sen-
sitivity indicating both hAAG isoforms are capable of
repairing methyl lesions in DNA. Complementation
of methylation sensitivity of alkA tagA double mutant
bacteria by the human glycosylases also indicates that
bacterial enzymes of BER downstream of the glyco-
sylase, such as AP endonucleases, polymerase I and
ligase, can effectively process repair intermediates
produced by the human glycosylase. Moreover, the
levels of these bacterial enzymatic activities are suf-
ficiently high to successfully process intermediates
generated by hAAG when it is expressed at high lev-
els from the strong pTrc promoter and present on a
high copy plasmid. The result that hAAG1 expression
can actually increase MNNG resistance of the alkA
tagA double mutant strain to a level higher than that
of the wild type strain suggests that activities of the
bacterial glycosylases are the rate limiting factor in
repair of methyl lesions (Fig. 1B).

3.2. Levels of hAAG proteins in E. coli

Complementation by hAAGI1 appears to be more
efficient than that seen when hAAG2 is expressed
(Fig. 1A, B). This could either indicate a difference
in activities towards methyl damaged DNA, or dif-
ferences in levels of protein in cells. To test this, his-
tidine tagged forms of hAAGI and hAAG2 suitable
for immuno-detection were constructed; the 5’end of
the gene was modified by adding six histidine codons
between the last amino acid and the stop codon. The
presence of the histidine tag has no apparent effect
on the ability of either hAAG1 or hAAG2 to increase
recovery from methylation damage, and the differ-
ences seen between the two histidine tagged isoforms
are essentially identical to those seen when the non
tagged forms of the protein are compared (Fig. 1). The
histidine tags also do not alter the effects of hAAG
proteins on recovery from any of the other DNA
damaging agents used in this study (data not shown).
The expression of the ZAAG-(his)s genes was induced
by IPTG treatment. At various times samples were
removed, the cells lysed, and levels of hAAG protein
measured by Western blot analysis using an anti-
histidine antibody (Qiagen). Although both genes
are driven from the same promoter and have identi-
cal DNA sequences between the promoter and ATG
start codon, the expression of hAAGI is considerably
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Fig. 1. Effect of hAAG expression on resistance of E. coli to methylating agents. Strains designations corresponding to the indicated
genotypes are listed in Table 2: (O) wild type, (@) uvrA, (W) alkA tagA uvrA, (A) alkA tagAAAG], (V) alkA tagA wrA/AAG2, (O)
alkA tagA, (A-A) alkA tagAhAAG1, (V-V) alkA tagA/hAAG2. Strains carrying histidine tagged forms of hAAG proteins are indicated

as dotted lines, (A....A) alkA tagA/hAAGI-(his)g, (V....V) alkA tagA/hAAG2-(his)e. (A) MMS exposure. (B) MNNG exposure.
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Fig. 2. Steady-state levels of hAAG1-(his)s and hAAG2-(his)s pro-
teins. The 0 time samples were processed prior to addition of IPTG
to induce hAAG expression from the pTrc99a promoter. All other
samples indicate the amount of incubation time after IPTG addi-
tion. Relative intensities were determined by densitometic scanning
(Molecular Dynamics) and quantitation by ImageQuant software
(Molecular Dynamics) after subtracting the average of the inten-
sity of the cross-reacting band present in the two vector control
lanes.

higher than that of hAAG2 (Fig. 2). Intensities of the
bands, measured by densitometry are shown in Fig. 2.
The presence of a weak cross-reacting band migrat-
ing to the same position as hAAG is detectable in the
vector control lanes. The average of the control inten-
sities was subtracted to obtain the relative intensities
of hAAG proteins. These measurements indicate that
hAAGTI is present at a six-fold higher level at 60 min
and a four-fold higher level at 90 min than hAAG2.
The differences in steady-state levels of the two pro-
teins could either be due to differences in the transla-
tion efficiency resulting from exon 1 DNA sequence
differences, and/or the stability of the two proteins in
E. coli. Although we can not rule out minor differ-
ences in activities of the two enzymes for the methyl
substrates based on these results, it is likely that the
higher steady-state level of hAAG1 accounts for most,
if not all, of the higher level of complementation of
the alkA tagA E. coli by hAAGI versus hAAG2.
Both histidine tagged isoforms of hAAG migrate
on SDS polyacrylamide gels to a position of approxi-

mately 37.5kDa, consistent with the calculated
molecular weights of 32,842 for hAAGI1-(his)s and
32,160 for hAAG2-(his)s. Amino terminal sequenc-
ing of hAAG1-(his)s protein partially purified from
strain MV4211 by a nickel affinity column prior to
electrophoresis confirms it is produced as a full length
protein (Li, Wright, Matijasevic, Chong, Ludlum and
Volkert, unpublished observation).

3.3. Effect of hAAG expression on survival from
ENNG exposure

We next examined the ability of hAAGI and
hAAG?2 to complement sensitivity of E. coli to agents
that generate larger, more complex alkylation adducts
in DNA. In bacteria, ENNG resistance requires both
BER and NER pathways, since inactivation of either
pathway increases ENNG sensitivity (Fig. 3A). The
relative effect of inactivation of each of these bacterial
DNA repair pathways on recovery from exposure to
ENNG can be seen by comparing the ENNG survival
of wild type, uvrA, alkA tagA and alkA tagA uvrA
mutant strains (Fig. 3A). The results demonstrating
the sensitization resulting from glycosylase deficiency
are consist with the results of others [4,21]. Since
both BER and NER contribute to ENNG resistance,
we tested the ability of hAAG expression to enhance
recovery from exposure to the ethylating agent ENNG
in the uvrA alkA tagA triple mutant strain. As ex-
pected hAAG1 had no effect on alkylation resistance
in ENNG treated cells (Fig. 3B) [4]. We find sim-
ilar results when hAAG?2 is tested for its ability to
complement the alkA tagA uvrA triple mutant strain
(Fig. 3B), indicating that neither hAAG isoform is
capable of enhancing survival from exposure to ethy-
lating agents, and neither isoform is able to effectively
repair ethylated DNA. Thus it appears that the bacte-
rial glycosylases, but not the two isoforms of human
glycosylase, can repair ethyl lesions in E. coli.

3.4. Effect of hAAG expression on survival from
treatment with cross-linking agents

AAG knock out mutants have been produced in
mouse ES cells and have been shown to be sensi-
tized to the cross-linking agents BCNU and mitomycin
C [5]. We tested the ability of hAAG1 and hAAG2
to enhance recovery of repair deficient E. coli from

~
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Fig. 3. Effects of hAAG expression on resistance of E. coli to ENNG. Symbols are the same as in Fig. 1. (A) Role of NER and BER in
ENNG resistance as determined by effects of uvrA6 and alkA tag genes on bacterial resistance to ENNG. (B) Effects of hAAG expression
on ENNG survival of uvrA6 alkA tagA triple mutants of E. coli.
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exposure to these two cross-linking agents and from
exposure to another cross-linking agent, CNU. Neither
bacterial, nor hAAG mediated BER, enhances survival
to any of these agents (Fig. 4) indicating that the BER
pathway is not effective in protecting E. coli from
BCNU, mitomycin C, or CNU lethality regardless of
whether the glycosylase initiating BER is of bacterial
or human origin. A modest but consistent sensitization
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Fig. 4. (Continued).

to CNU was seen to result from hAAG expression,
suggesting glycosylase activity may have deleterious
effects when acting on CNU treated DNA. A similar
sensitizing effect is also seen when hAAG] express-
ing cells are tested by BCNU sensitivity (Fig. 4A).
Thus, it appears that only the uvrA gene product is
able to enhance recovery of E. coli from exposure to
cross-linking agents, indicating these lesions are re-
paired primarily by NER mechanisms.

4. Discussion

We have produced several clones that allow ex-
pression of the two known isoforms of hAAG. Based
on our results it appears that the two isoforms do not
differ in their substrate specificity when expressed in
bacteria and that the minor differences seen in the
effectiveness of their ability to complement the sensi-
tized bacteria is most likely due to differences in the
steady-state levels of the hAAG isoforms. The result
that both hAAG isoforms are very effective in their
ability to complement the methylation sensitivity of
alkA tagA double mutant strains indicates that the hu-
man proteins are functional when expressed in bacte-
ria and that bacterial enzymes can efficiently process
the repair intermediates generated by the human
enzymes.
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The result that hAAG expressing bacteria appear to
be more sensitive to CNU treatment has several possi-
ble implications. This suggests that in bacteria, hAAAG
expression either interferes with other bacterial repair
pathways resulting in decreased repair and increased
lethality, or that hAAG processes primary lesions to a
more lethal form. Either hypothesis requires hAAG to
recognize and interact with DNA modified by CNU. A
similar sensitization by glycosylase activity has been
seen in E. coli expressing oxidative damage specific
glycosylases upon exposure to ionizing radiation dam-
age [22]. This sensitization appears to be due to the
production of lethal repair intermediates by the Fpg,
Nth and Nei glycosylases. It has been suggested that
the primary ionizing radiation lesions may be more
effectively repaired by other means, perhaps direct
cleavage of the DNA backbone by an activity of AP
endonucleases and that glycosylase activity interferes
with this repair [23,24].

Engelward et al. [5], have shown that the AAG
knockout mouse ES cells are sensitized to a variety
of alkylating agents, including simple methylating as
well as more complex alkylating DNA cross-linking
agents. However, our results show that expression
of functional hAAG does not increase the resistance
of bacteria to alkylating agents other than those that
methylate DNA. The result that AAG deficiency in
mouse ES cells leads to sensitivity to mitomycin C
and BCNU suggests that mAAG is able to repair these
lesions. Several hypotheses can be proposed to ex-
plain this paradox. It is possible that the mammalian
AAG enzymes require additional gene products not

_present in E. coli [25]. It is also possible that AAG

enzymes are part of a repair complex and that as-
sembly of this complex is required to repair alkyl
lesions other than methyl lesions. By this model,
the presence of the AAG protein may be required
for repair activity in mammalian cells regardless of
whether the actual repair is carried out by AAG it-
self, or some other component of the repair complex.
Additional alternative possibilities are that the hu-
man form of the enzyme may differ from the mouse

enzyme in its substrate specificity such that mouse,

but‘not human, AAG is able to repair mitomycin C
and BCNU lesions. It is also possible that the re-
pair activity of the mammalian enzymes may require
post translational modifications that do not occur
in E. coli.
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Abstract. Background: A serious limitation in cancer treatments
is insufficient selectivity of drugs for cancer cells. We have
previously demonstrated that, in contrast to p53-deficient cells,
cells with wild-type p53 undergo a reversible cell cycle arrest
when incubated at 28°C instead of 37°C. Since most of the
human tumors are p53-deficient, it suggests that hypothermia
may selectively protect normal cells from cytotoxic treatments
that primarily target proliferating cells. Materials and Methods:
We have examined the effect of hypothermia on the survival of

wild-type and p53-deficient cells exposed to the anti-tumor drug’

S-fluorouracil and compared BrdU incorporation at 28°C and
37°C of normal and tumor cells. Results: p53 wild-type
fibroblasts, in contrast to p53-deficient cells, survive much higher
doses of 5-fluorouracil when incubated at 28°C than at 37°C.
Among tumor cells, the loss of the p53 function coincides with
the inability to arrest cell cycle progression at low temperature

and with increased sensitivity to prolonged hypothermia as a -

single modality. Conclusion: Hypothermia protects normal cells
from cytotoxic treatments and may improve the therapeutic index
of chemotherapy by mechanisms based on the differences in cell
cycle regulation between normal and tumor cells.

A major limitation of successful chemotherapy is the toxicity
of anti-tumor drugs to normal, non-cancer cells. The
sensitivity of normal cells during conventional, and
particularly high-dose, systemic chemotherapy is manifested
by a wide range of side-effects, some of them very severe.
These side-effects are generally the result of toxicity to rapidly
reproducing cells in tissue such as the gastrointestinal mucosa
and bone marrow. Toxicity for normal hematopoietic stem
cells during ex vivo chemo-purging of bone marrow for
autologous transplantation results in delayed engraftment,
increased post-transplantation transfusion requirements,
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increased risk of infection and bleeding (1, 2). Treatment
under conditions that could either selectively increase toxicity
for tumor cells or selectively reduce toxicity for non-tumor
cells should lessen these side-effects, improve the therapeutic
index of treatments and possibly decrease the risk of disease
recurrence.

The selectivity of existing anti-cancer drugs for tumor cells
is mainly based on the increased sensitivity to apoptosis of
cells with de-regulated proliferation, rather than to the
specific targeting of proliferative or anti-apoptotic processes
in tumor cells (3-5). This selectivity is diminished in many
human cancers by defects in the tumor-suppressor p53
pathway that compromise pS3-dependent apoptotic death (6,
7). Loss or alteration of p53 function is frequently associated
with advanced disease, resistance to conventional treatments,
and poor prognosis (8-11). However, this very loss of p53
function may be an advantage through the concomitant
impairment of cell cycle control in such cells. While normal
cells have the ability to temporarily arrest their growth in
response to certain environmental stimuli, p53-deficient cells
may fail to do so. Consequently, lack of arrest may render
such cells vulnerable to a number of classical anticancer
treatments that are more effective against the proliferating
than the arrested cells. With the current understanding of
molecular mechanisms involved in the regulation of cell cycle '
progression, cell cycle-based protection of normal cells
proposed many years ago by Pardee and James (12) became a
more attractive strategy to increase the selectivity of
chemotherapy (for review see Ref. 13). Such an approach
requires identification of conditions that selectively and
reversibly arrest cells with functional p53. The use of low
doses of DNA damaging agents to selectively arrest p53 wild -
type cells and protect them from microtubule-active drugs
was suggested by Blagosklonny e al. (14). One problem
associated with the use of DNA damaging agents may be the
narrow window of doses that would induce selective arrest
without causing permanent, lethal or mutagenic, DNA
damage in non-cancer cells. A similar strategy exploiting the
difference in growth factor dependence between normal and
tumor cells (15) may provide reversible, less aggressive
conditions for selective arrest.

We have recently discovered that mormal human and
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mouse fibroblasts respond to the hypothermic conditions of
28°C by arresting cell cycle progression (16). This
hypothermia-induced cell cycle arrest is reversible and
characterized by the accumulation of tumor suppressor p53
protein in cells. Most importantly, this arrest is p53-
dependent; cells deficient in p53 continue to progress through
the cell cycle (16). Those results suggested that low
temperatures might provide non-damaging conditions for
selective arrest and protection of non-cancer cells against
cytotoxic drugs. This hypothesis is supported by previous
studies in mice showing that chlorpromazine-induced
hypothermia has a protective effect against chemo- (17,18) as
well as radio-toxicity (19). Here we show that p53 wild-type
human and mouse fibroblasts incubated at 28°C indeed
survive much higher doses of a commonly used antitumor
drug, S-fluorouracil (5-FU), than when incubated at 37°C.
Cells that are p53-deficient, on the other hand, show no
increase in survival at low temperature. We show that p53-
deficient human lymphoma HL~60 and glioma SF126 cells do
not arrest, while p53 wild-type MCF-7 breast cancer cells do
arrest DNA synthesis at low temperature. Our results also
suggest that, even in the absence of treatment with cytotoxic
drugs, hypothermia as a single modality may decrease the
survival of cell cycle-deregulated tumor cells. Therefore,
hypothermia may ~ improve the therapeutic index of
chemotherapy by two independent mechanisms, both based
on the differences in cell cycle regulation between normal and
tumor cells. Ex vivo chemo-purging for autologous stem cell
transplantation is a treatment that can most directly benefit
from therapeutic intervention by hypothermia.

Materials and Methbds

Cell lines and culture conditions. The normal human diploid fibroblast
cell line, AG01522, was obtained from the Aging Cell Repository,
Coriell Institute for Medical Research (Camden, NJ, USA) at a
population doubling level (PDL) of 15. Human fibroblasts were cultured
as monolayers in Mihimum Essential Medium (MEM) supplemented
with nonessential amino acids (ICN Pharmaceuticals, Costa Mesa, CA,
USA). Mouse embryonic fibroblast cells, wild-type for p53 and p53-null
mutants, both at passage 2, were a gift from Stephen N. Jones,
University of Massachusetts Medical School, USA (20). These cells were
grown as monolayers in Dulbecco’s modified Eagle medium (DMEM).
Penicillin and streptomycin at concentrations of 100 IU/ml each and
15% heat-inactivated fetal bovine serum (FBS) were added to the media.
HL-60 human promyelocytic leukemia cells with deletion in the p53 gene
(21) were grown in suspension in RPMI 1640 medium. The human
glioma cell line SF-126 with deletion in p53 (22) was a gift from William
J. Bodell, Brain Tumor Research Center, University of California, San
Francisco, USA. These cells were grown in Minimum Essential Medium
(MEM) with 10% FBS and with penicillin and streptomycin. Human
breast cancer MCF-7 cells, wild-type for p53 (23), were obtained from
ATCC and were cultured in MEM with 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 0.1 mM non-essential amino acids and 1.0 mM
sodium pyruvate. The medium was supplemented with 0.01mg/ml bovine
insulin and with 10% FBS: All media were from Gibco Invitrogen.

Viability determinations. Cells were plated at a density of 2 x 10* cells/em?
in 6-well tissue culture plates. Temperature experiments were performed
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Figure 1. Effect of hypothermia on cell cycle progression of normal human
fibroblasts (NHF). The cells were incubated at 37°C (top panel) or 28°C
(middle and bottom panel) and labeled with BrdU for 2 hours. After
staining with anti-BrdU-FITC and propidium iodide, the cells were
analyzed by flow cytometry. The lower temperature causes a delay in S-
phase and an accumulation of cells in G2/M-phase. Bottom panel: fraction

of cells in G1 (gray bars), S (open bars) or G2/M (black bars) at 28°C.

with parallel sets of cells incubated at either 37°C or 28°C in humidified
atmospheres with 5% or 4.6% CO,, respectively. For the 5-fluorouracil
(5-FU) treatments, 5-FU (Adrucil, SP Pharmaceuticals LLC,
Albuquerque, NM, USA) was added to the media in the indicated
concentrations on day one and day three after plating. On day five the
cells were harvested by trypsinization and viability was determined by the
trypan blue exclusion (TBE) assay. Survival was expressed as a percent
of untreated control.

Cell cycle analysis. For cell cycle analysis, the cells were grown to
confluency and plated at a density of 2x10* cells/em?® in T150 tissue
culture flasks. The cells were incubated at either 37°C or 28°C for the
required period of time. Replicative DNA synthesis was determined
using 5-bromo-2’-deoxyuridine (BrdU) incorporation and a modified
procedure described by Jones ef al. (24). The cells were labeled in 13 uM
BrdU for 2 hours, harvested by trypsinization, fixed with 70% ethanol
and stored at -20°C until analysis. At least 1 x 108 cells were used for the
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Figure 2. Protective effect of hypothermia on normal human fibroblasts
exposed to 5-fluorouracil. The cells were incubated at 37°C (O) or 28°C
(@) with or without 5-fluorouracil and cell viability was determined five
days after plating by TBE assay.

analysis. The samples were treated with 0.1 N HCI containing 0.5%
Triton X-100 for 30 minutes at room temperature, boiled for 2 minutes
and rapidly cooled to denature DNA. The cells were then washed twice
with PermaCyte (BioErgonomics, White Bear Lake, MN, USA),
incubated with fluorescein isothiocyanate (FITC)-conjugated anti-BrdU
antibodies for 30 minutes (Caltag Laboratories, Burlingame, CA, USA)
and counterstained with propidium iodide for DNA content. Cell cycle
analysis was performed using a Becton-Dickinson FACScan flow
cytometer (Mountain View, CA, USA). At least 15,000 events were
collected per sample. The percentage of cells in each phase of the cell
cycle was determined using Modfit software (Verity Software House,
Topsham, ME, USA). The BrdU-incorporating fraction was determined
as a FITC-derived fluorescence above the control (BrdU-untreated
cells) represented by the events above the horizontal line exemplified in
Figure 1 (top panel, day one).

Results

Effect of hypothermia on BrdU incorporation in normal human
fibroblasts. Normal mouse embryo fibroblasts (MEF) arrest
DNA synthesis for at least 65 hours after plating when
incubated at 28°C instead of 37°C (16). Figure 1 shows the
results of DNA synthesis measured as BrdU incorporation in
a population of normal human fibroblasts (NHF) incubated
at 37°C (top panel) or 28°C (middle and bottom panels).
Similar to the effects on mouse fibroblasts, there is a delay in
DNA synthesis of at least two days in a population of human
fibroblasts incubated at 28°C as compared to 37°C. After
four days at 28°C, about 40% of cells are in S-phase (Figure
1, bottom panel). Longer incubation at low temperature
results in the accumulation of cells in the G2/M-phase. Thus,
lower temperature affects DNA synthesis and cell cycle
progression of NHF in culture.

Effect of hypothermia on survival of 5-fluorouracil-exposed cells.
The arrest or delay in cell cycle progression should affect the
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Figure 3. Protective effect of hypothermia on p53-wild type mouse embryo
fibroblasts (MEFs) exposed to 5-fluorouracil. MEF wild-type (upper panel)
and p53-null mutant (lower panel) cells were incubated at either 37°C (O)
or 28°C (@) with or without 5-fluorouracil. The cell viability was
determined five days after plating by TBE assay.

sensitivity of cells to certain classes of cytotoxic agents. We
predicted that preventing DNA synthesis at low temperature
might diminish cell sensitivity to S-phase-specific drugs such
as 5-fluorouracil (5-FU). The results in Figure 2 demonstrate
that low temperature indeed protects cells against 5-FU
toxicity; normal human fibroblasts exposed to a wide range of
5-FU doses survive better if incubated at 28°C than at 37°C
after exposure. Cell cycle arrest at low temperature appears
to be p53-dependent; MEF cells that are null mutants for p53
fail to arrest at 28°C (16). If cell cycle arrest by hypothermia
is indeed responsible for the increased resistance of normal
cells to 5-FU, then one could expect a lack of such protection
for non-arrested, p53 mutant cells. To test this hypothesis, we
examined the effect of temperature on the survival of wild-
type and p53-null mutant MEF cells exposed to 5-FU. As
shown in Fiéure 3, hypothermia protects mouse cells with
functional p53 from the cytotoxic effects of the drug (top
panel). In contrast, this protective effect is not seen in p53-
deficient cells (bottom panel).

Effect of p53 status on cell cycle progression at low temperature.

- The majority of human cancers have defects in the p53

pathway and consequently in regulation of cell cycle
progression. It may be - possible to take advantage of this -
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Figure 4. Cell cycle progression of human tumor cell lines at 37°C and
28°C. The p53-deficient tumor cells, HL-60 and glioma SF126, and p53
wild-type breast cancer MCF-7 cells were incubated for 45 hours at 37°Cor
28°C and labeled with BrdU for 2 hours. Ethanol-fixed cells were stained
with anti-BrdU-FITC and propidium iodide for FACS analysis.

difference between normal and tumor cells to increase the
therapeutic index of anti-tumor treatments. To investigate
this, we examined progression through S-phase at low
temperature in several human tumor cell lines. In Figure 4,
BrdU incorporation is shown for cells incubated for two days

at either 37°C or 28°C. In two p53-deficient human tumor

cell lines, leukemia HL-60 and glioma SF 126 cells, more than
30% of the population at both temperatures is in S-phase with
active DNA synthesis. In contrast, in the population of breast
cancer MCF-7 cells that have wild-type p53, only 4% of the
cells at 28°C actively replicate DNA. There is also a small
subpopulation ¢f BrdU-negative MCF-7 cells with S-phase
DNA content. Such S-phase-arrested cells are also seen in the
population of normal human fibroblasts after several days at
28°C (see Figure 1). The effect of hypothermia on
progression through the S-phase for cells with different p53
status is summarized in Figure 5. Clearly, p5S3-deficient cells
do not arrest their DNA synthesis at 28°C.

Effect of p53 status on survival under conditions of prolonged
hypothermia. Since cell cycle arrest at low temperature
requires functional p53, it raises the question of how the lack
of p53 function, and concomitant lack of cell cycle arrest,
affects cell growth and survival under the conditions of
hypothermia as a single modality. To test this, p53 wild-type
and p53-null mutant mouse embryo fibroblasts were
incubated at 37°C and 28°C, and viability was determined by
TBE assay. As shown in Figure 6, p53 wild-type cells maintain
a constant viable cell number with very few dead cells in the
population for the duration of the experiment. In contrast,

survival of p53-deficient cells is compromised by prolonged .
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Figure 5. Effect of p53 status on progression through S-phase under
hypothermic conditions. The cells were incubated at 37°C or 28°C for 45
hours and labeled with BrdU for 2 hours. Ethanol-fived cells were stained
with anti-BrdU-FITC and propidium iodide and analyzed by flow
cytometry. The results are presented as the ratio between the BrdU-positive
cells at 28°C and at 37°C. p53 wild-type cells, open bars; p53-deficient
cells, closed bars. NHF, normal human fibroblasts; MEF, mouse embryo
fibroblasts; GLI, human glioma SF126 cells; HL-60, human lymphoma
cells; MCF7, human breast cancer cells.
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Figure 6. Loss of p53 function increases the level of cell death under
hypothermic conditions. Mouse embryo fibroblasts, wild-type or p53-null
mutants, were incubated at 37°C or 28°C and viability was determined by
the trypan blue exclusion assay. Dead cells, closed bars; viable cells, open
bars.

periods of hypothermia. Although total cell number increases
during the first several days at 28°C, the number of dead cells
increases over time and, at later time-points, exceeds that of
viable cells in the population. The results in Figure 7 suggest
that at least some p53-deficient human tumor cells may be
more sensitive to low temperature as a single modality than
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normal cells. At 28°C the number of viable NHF and MCF-7
cells remains constant while the number of glioma and HL-60
cells declines. Thus, sensitivity to hypothermia appears to
correlate with the lack of cell cycle arrest at low temperature;
HL-60 and glioma cells that do not arrest at 28°C are more
sensitive to prolonged hypothermia than normal human
fibroblasts or p53 wild-type MCF-7 breast cancer cells that do
arrest at 28°C.

Discussion

We have previously demonstrated that normal, p53 wild-type
cells respond to hypothermia at 28°C by reversibly arresting
cell cycle progression, while p53-deficient cells fail to arrest
(16). Here we investigated the effects of hypothermia as a
function of p53 status on cell survival. The results
demonstrate first, that hypothermia protects p53 wild-type
cells from the cytotoxicity of anti-tumor drugs and second,
that p53 wild-type cells tolerate prolonged periods of low
temperature better than p53-deficient cells. This selective,
p53-dependent protective effect of low temperature
correlates with the ability to arrest/delay cell cycle progression
and is probably due to the activation of two different cell cycle
checkpoints by hypothermia. The delayed transition from G1
to S that occurs in normal fibroblasts at 28°C is very likely
responsible for the increased resistance to S-phase specific
cytotoxic drugs. Increased tolerance to prolonged
hypothermia alone, on the other hand, could be due to
activation of the G2/M checkpoint that is shown by an
accumulation of G2/M cells at 28°C (see Figure 1).
Progression into mitosis at low temperature is probably more
detrimental for genomic stability than progression through S-
phase. Low temperatures compromise tubulin binding to
centrosomes (25) and cause microtubule depolymerization
(26) that may trigger the G2/M cell cycle arrest. Further
studies are needed in order to confirm a p53-dependent
nature of hypothermia-induced G2/M arrest and the
protective effect of this arrest on cell survival. Lack of G2/M
arrest at low temperature may not only selectively sensitize
cells to hypothermia alone, but also to M-phase-specific drugs
and may further improve the therapeutic index of such
treatments.

The relevance of protection by hypothermia that we have
observed in cell culture is strongly supported by previous
studies (17-19) demonstrating that chlorpromazine-induced
hypothermia has a protective effect against radio- and chemo-
toxicity in animals. Selective arrest of non-cancer cells with
proper cell cycle regulation in response to hypothermia,
suggested by our results, offers one mechanistic explanation
for the protection observed.
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To investigate the possible role of glycosylase action in
causing tumor resistance, a full-length, histidine-tagged
human alkyladenine glycosylase has been purified from
the cloned human gene contained in a pTrc99A vector
propagated in a tag alkA mutant Escherichia coli. This
human enzyme releases both 3-methyladenine and 7-
methylguanine from methylated DNA but in contrast to
previous studies of the bacterial AIkA glycosylase, it does
not release any adducts from [°H]chloroethylnitrosourea-
modified DNA. This finding suggests that the alkyladenine
DNA glycosylase-dependent resistance to the toxic effects
of the chloroethylnitrosoureas reported previously in the
literature may occur by a mechanism other than through
direct glycosylase action.

Introduction

The chloroethylnitrosoureas (CNUs) were introduced into
clinical practice as antitumor agents in the 1970s. Although
they have achieved an important place in the treatment of
brain tumors and certain lymphomas, other tumors are usually
resistant to their cytotoxic action. Because of the importance
of the resistance phenomenon in the treatment of cancer
generally, the mechanism of resistance to the CNUs has
been investigated in detail. Cytotoxicity is caused by DNA
modification, in particular the formation of a cross-link between
guanine and cytosine (1). Formation of this cross-link can be
prevented by the DNA repair enzyme, O%-alkylguanine-DNA
alkyltransferase (AGT); high cellular levels of AGT are a
major cause of resistance (2,3). This mechanism of cytotoxicity
and cellular resistance has now become a model for understand-
ing the role of DNA repair in causing tumor resistance. Indeed,
protocols designed to decrease cellular levels of AGT and
thereby restore tumor sensitivity have reached clinical trial
and have been reviewed recently (4).

This mechanism of tumor resistance is analogous to the
adaptive response in Escherichia coli (5). In these bacteria,
Ada removes alkyl groups attached to the O° position of
guanine whereas a second enzyme, alkyladenine DNA glyco-
sylase (AAG), releases 3- and 7-substituted purines from

Abbreviations: AAG, alkyladenine DNA glycosylase; AGT, O%-alkylguanine-
DNA alkyltransferase; CNU, N-(2-chloroethyl)-N-nitrosourea; hAAG, human
alkyladenine DNA glycosylase; IPTG, isopropyl B-D-thiogalactopyranoside;
mA, 3-methyladenine; m’G, 7-methylguanine; MMS, methyl methanesul-
fonate; MNU, N-methyl-N-nitrosourea.
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DNA. That a glycosylase might also be involved in repairing
mammalian DNA and in causing tumor resistance was sug-
gested by HPLC analysis of the DNA modifications in resistant
tumor cells treated with a CNU (6). These studies showed that
other DNA adducts besides the GC cross-link were absent from
resistant cells in comparison with sensitive cells, indicating
possible glycosylase action (6). Subsequent in vitro studies
showed that many CNU-modified bases are substrates for the
bacterial AIkA protein, 3-methyladenine DNA glycosylase II
(7); further supporting the hypothesis that human AAG might
be involved in the resistance of tumors to CNUs.

Investigations of the role of mammalian AAGs in reducing
the toxicity of CNU to cultured cells have not, however, shown
a simple relationship between glycosylase content and cellular
resistance. Although a glial cell line resistant to the chloroethyl-
nitrosoureas was found to have higher levels of alkyladenine
glycosylase than a sensitive cell line (8), over-expression of
human AAG in Chinese hamster ovary cells did not lead to
increased resistance to CNUs (9). Comparison of CNU toxicity
in wild-type and AAG knock out mouse embryonic stem cells
showed a protective effect of AAG (10), but there was no
evidence of protection when wild-type and AAG knock out
mouse fibroblasts were compared (11).

In contrast to the enzyme alkyltransferase that completes
DNA repair in a single step, the action of AAG is only the
first step in the repair process; other enzymes are required to
repair the abasic site left in DNA by AAG action. Thus, the
varying results quoted above could depend on whether or not
the glycosylase step is rate limiting in the repair process in
these different cells.

As a first step in understanding these results, we have
purified human AAG and tested its activity towards CNU-
modified DNA. The human AAG gene has been cloned
independently by several research groups, but the separate
isolates differ in their N-terminal amino acid sequences (12). As
these differences could affect substrate specificity, especially in
view of the data of Roy ez al. (13) showing that the N-terminal
region of AAG is positioned close to the active site, we felt
it was important to study the specificity of a full-length enzyme.
The plasmid constructed for this study allows purification
of full-length, histidine-tagged human AAG of the isoform
described by Samson et al. (14). We report that the human
enzyme differs from the bacterial enzyme in its activity towards
CNU-modified DNA. Both human and bacterial glycosylases
are able to remove modified bases from methylated DNA, but
the human enzyme has no demonstrable activity towards CNU-
modified DNA. As discussed below, this result could indicate
either that hAAG requires an additional factor to be active on
CNU lesions in vivo or that this protein provides cellular
protection by a mechanism other than its glycosylase action.

Materials and methods

N»(2-chloro-1,2-[3H]-ethyl)-N-nitrosourea ([*H]-CNU), sp. act. 1.3 Ci/mmol,
was custom synthesized by Moravek Biochemicals (La Brea, CA). N-(*H-
methyl)-N-nitrosourea ([*H]-MNU) with a specific activity of 17.0 Ci/mmol
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Table 1. Bacterial strains

Strain name Relevant genotype Plasmid
MV1176 uvrA6 None
MV2157 alkAl tagAl None
MV4122 alkAl tagAl pMV509
MV4126 alkAl tagAl pMV513
MV4211 alkAl tagAl ompT pMV513
MV4236 alkAl tagAl uvrA6 pTrc99a
MV4237 alkAl tagAl uvrA6 pMV509
MV4238 alkAl tagAl uvrA6 pMVS513

was purchased from Amersham (Arlington Heights, IL). Unlabeled CNU was
provided by the Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD. Optical markers of 3-methyladenine (mA) and 7-methylguan-
ine (m’G) used in the HPLC separations were obtained from Cyclo Chemical
(Los Angeles, CA). Other chemicals were reagent grade materials.
[*H]MNU- and [*HJCNU-modified DNA were prepared by alkylating calf
thymus DNA with the radiolabeled MNU and CNU as described previously
(15). Purification and assay of E.coli AIKA glycosylase and assay of human
glycosylase also followed our published procedures (7) except that bacterial
glycosylase was assayed in its optimum buffer (70 mM Tris, pH 7.6, containing
10 mM NaEDTA and 2 mM dithiothreitol) whereas human glycosylase was
assayed in its slightly different optimum buffer (50 mM HEPES, pH 7.5,
containing 1 mM NaEDTA, 5 mM mercaptoethanol and 100 mM KCI).

Bacterial strains

Bacterial strains used in this study and their relevant genotypes are listed in
Table 1. Plasmids are described in detail below.

Construction of plasmids expressing human glycosylase

Our constructs started with plasmid pBU16, a gift from Professor Leona
Samson (Massachusetts Institute of Technology, MA). Plasmid pBU16 carries
a Bsu361-Xbal fragment from pKT218 that encodes the human alkyladenine
DNA glycosylase gene (hAAG) (14) in the pSL301 vector (Invitrogen, San
Diego, CA). We subcloned the hAAG-bearing EcoRI-BsfEIl fragment from
pBU16 into pTrc99A (Pharmacia Biotech, Piscataway, NJ) to produce plasmid
pMV503. The pTrc99A vector carries the lacl gene of E.coli and has the
synthetic trc promoter under lac operator control positioned upstream of the
EcoRI site. The presence of lacl on the plasmid results in tight repression of
the promoter that can be induced by the addition of the lac inducer isopropyl
B-p-thiogalactopyranoside (IPTG), thus allowing IPTG-inducible expression
of hAAG.

Plasmid pBU16 produces a fusion protein of hAAG and vector-encoded
sequences 5’ to hMAAG. To remove the pBUI16 vector coding sequences from
the 5' end of the hAAG gene, the EcoRI-BstEIl fragment of pMV503 was
removed by first digesting to completion with EcoRI, then partially digesting
with BstEIl to produce a 5152 bp fragment. This fragment was purified from
a 0.8% agarose gel using the Gene Clean System (Biol01, La Jolla,
CA). Oligonucleotides MV1 (AATTCTAAGGAGGTATCTAATG) and MV2
(GTGACCATTAGATACCTCCTTAG) were first annealed to one another by
heating and slow cooling, then ligated to the purified 5152 bp EcoRI-BsfEIl
fragment of pMV503 to produce plasmid pMV509. Oligonucleotides MV1
and MV2 have four important features: (i) they are complementary to
one another; (ii) when annealed, they produce single-stranded DNA ends
complementary to the EcoRI and BsfEII sites of pMV503; (iii) they reconstruct
the ATG initiation codon of hAAG that lies within the BsfEIl site; and (iv)
they contain a consensus ribosome binding site, AGGAGG, appropriately
positioned to allow optimal translation initiation from the downstream ATG
initiation codon. The resulting plasmid, pMV509, carries the wild-type hAAG
under the control of the IPTG-inducible trc promoter of pTrc99A. Construction
of pMV509 was tested by loss of the Sall restriction site that lies between
EcoRI and BstEIl of pMV503 and restoration of the EcoRI and BstEIl sites.
The hAAG sequence was confirmed independently.

To construct the histidine-tagged hAAG gene, pMV509 was digested to
completion with Celll and HinDIII to remove the 3’ end of the gene and
the resulting 5064 bp fragment was purified from a 0.8% agarose gel
as described above to remove the 3’ end of the gene. Oligonucleotides
MV3 (TGAGCAGGACACACAGGCCCATCATCATCATCATCACTGA) and
MV4  (AGCTTCAGTGATGATGATGATGATGGGCCTGTGTGTCCTGC)
were first annealed to one another as described above, then ligated to the
5064 bp fragment of pMV509 to produce plasmid pMV513. Oligonucleotides
MV3 and MV4 have four important features: (i) they are complementary
to one another; (ii) when annealed. they produce single-stranded ends
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complementary to Celll and HinDIII; (iii) they restore the last seven amino
acid codons of the hAAG gene in the appropriate reading frame; and (iv) they
add six histidine codons and one stop codon to the 3’ end of the hAAG gene.
Construction of pMV513 was tested by loss of the Mlul restriction site that
lies within the Celll-HinDIII fragment of pMV509 and restoration of the
Celll and HinDIII sites, and DNA sequencing of the insert.

Effect of plasmids expressing hAAG on sensitivity to methyl methanesulfonate

As the hAAG gene was initially cloned by functional complementation of an
E.coli mutant strain lacking the alkA and tag DNA glycosylase genes (14),
the function of the wild-type and histidine-tagged hAAG genes was tested by
assessing the ability of pMV509 and pMV513 to complement the alkylation
sensitivity of the alkAl tag-1 E.coli double mutant. Strain MV2157 (alkAl
tag-1), and its isogenic, plasmid-bearing derivatives, MV4122 (MV2157/
pMV509) and MV4126 (MV2157/pMV513), or their uvrA6 derivatives,
MV4236 (alkAl tag-1 uvrA6/pTrc99 vector), MV4237 (alkAl tag-1 uvrA6/
pMV509), MV4238 (alkAl tag-1 uvrA6/pMV513), were grown to early-log
phase in LB ampicillin media at 37°C. Cultures were then divided into two
aliquots, one of which was induced with IPTG (2 mM) and incubated at 37°C
for an additional 90 min to allow induction. Cultures were then treated with
methyl methanesulfonate (MMS) (20 mM) for 30 min at 37°C. After treatment,
cells were diluted 1:100 in buffer containing sodium thiosulfate (4%) to
inactivate MMS (16). Cultures were immediately diluted further and plated
on LB ampicillin agar plates to assess cell survival. The results in Table II
demonstrate that both plasmids are able to restore MMS resistance to MV2157
after IPTG treatment as expected if both the wild-type and histidine-tagged
hAAG genes were inducible and active. Moreover, the level of resistance
attained is similar, indicating that the addition of a histidine tag has not
reduced activity of the hAAG enzyme.

Purification of glycosylases

Bacterial glycosylase II, the alkA protein, was isolated from E.coli MS23,
which harbors the pYN1000 plasmid containing the AlkA gene (17). Lysed
cells were treated with DEAE cellulose to remove DNA and the enzyme was
purified through the phosphocellulose and DNA cellulose chromatography
steps as described (17). The final product migrated as a single band with an
apparent molecular weight of 39 000 Da as visualized by silver staining on a
12.5% polyacrylamide gel with 0.1% sodium dodecyl sulfate. This enzyme
and the human glycosylase were assayed with [*H]-MNU-DNA as described
previously (18). One unit of enzyme activity was defined as the amount of
enzyme that released 1 pmol of bases from {*H)-MNU-DNA in 10 min at 37°C.

The hAAG-(his) enzyme was isolated from strain MV4211 (alkAl tag-1
ompT/pMV513). Cells were grown to a Klett reading of 70 (~5 x10% cells/
ml) in LB broth containing ampicillin (100 pg/ml), then induced by the
addition of IPTG (2 mM). Fresh ampicillin (100 pg/ml) was also added at
this time to insure plasmid maintenance, and cells were incubated for an
additional 5 h.

After incubation, cells (8 g) were centrifuged, washed in saline buffer (10
mM Tris-Cl, pH 7.4, 1 mM EDTA, 100 mM NaCl) and lysed using a Kraft
homogenizer followed by a French press. Crude cell extracts were then
centrifuged at 12 000 g and the supernatant recovered. The supernatant was
mixed with 24 ml of a 50% slurry of Ni-agarose (Qiagen) and, after stirring
on ice for 1 h, was poured into a 1.6X24 cm column equilibrated with column
buffer (5 mM Na,HPO,, pH 8.0, 300 mM NaCl, 10% gtycerol). The column
was washed with 200 ml of column buffer followed by 300 ml of 30 mM
imidazole in column buffer, and finally eluted with a 100 ml gradient of 30—
500 mM imidazole in column buffer. Two milliliter fractions were collected
and assayed for glycosylase activity with [*H]MNU-modified DNA. A sharp
peak of activity appeared around fraction 14; fractions containing high activity
were analyzed by gel electrophoresis as described in the Results section.

Substrate specificity of the human glycosylase

To obtain an HPLC profile of [PH]MNU-modified DNA, a sample of the
[PHIMNU-DNA substrate containing 136 000 c.p.m. (49 pg) of ["H]methyl
adducts was depurinated in 0.1 N HCI for 18 h at 37°C. The hydrolysate was
adjusted to pH 4.5 with 1 N NaOH and passed through a 2 ml A25 ion
exchange column to remove oligonucleotides. Optical markers of m?A and
m’G were added and an aliquot was separated on a Cjg column eluted with
a 50 mM KH,PO,, pH 4.5 acetonitrile buffer system at 1 ml/min. One minute
fractions were collected, counted in a Beckman liquid scintillation counter,
and plotted versus fraction number. Similarly, spontaneous release from a
separate sample of [PHIMNU-DNA substrate containing 136 000 c.p.m. was
determined after incubation for 1h at 37°C in buffer (50 mM HEPES, pH
7.5, containing 1 mM NaEDTA, 5 mM mercaptoethanol and 100 mM KCI).
Enzymatic release from [PHIMNU-DNA by 0.15U of bacterial or human
enzyme was determined after a 1 h incubation at 37°C in the same buffer. To
investigate the activity of the bacterial and human enzymes for [*HJCNU-
DNA, 3X10* cp.m. of [PHJCNU-DNA were incubated with increasing
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Table II. Effect of genotype on cell survival?

Genotype MV1176 MV4236 MV4237 MV4238
alkA + - - -
tagA + - - -
uvrA - - - -
Plasmid - vector pMV509 (hAAG) pMV513 [(hAAG-(his)g)]
Survival after 20 mM MMS 89% 0.04% 42.4% 46.5%
Survival after 0.5 mM CNU 0.12% 0.13% 0.023% 0.048%
2As percent of growth of unexposed cultures.
pMV509 glycosylase activity is shown in Table II. The doses of MMS
— and CNU used produced nearly identical levels of survival in
2 B — — E the repair-deficient control strain MV4236. The base excision-
é g § 'E’ E proficient, nucleotide excision-deficient E.coli strain MV1176

pMV513

EcoRI
BstEII
Celll
HinDIII

[
PTRC

Fig. 1. Insert regions of the hAAG expression vector pMV509 (top) and the
hAAG-(his)g expression vector pMV513 (bottom). Figures are drawn on the
same scale. The Pyrc promoter is indicated by the rightward arrow labeled
Prre, the hAAG coding sequences are indicated by the gray boxes, the
histidine tag is indicated by the black box, and the ends of the pTrc vector
sequences are indicated as heavy dotted lines.

amounts of the enzymes for 10 min at 37°C, conditions under which the
bacterial enzyme release is 30% complete and spontaneous release is low (19).

Results

The design of plasmids pMV509 and pMV513 is shown in
Figure 1. Both plasmids contain the full-length sequence for
the human glycosylase gene; pMV513 also contains a (his)g
insert at the C-terminus of the protein to facilitate its purifica-
tion. This insert was positioned at the C-terminus rather than
at the N-terminus because the amino end of the protein has
been reported to be located near the active site (13), and a
(his)g insert at this position might affect the specificity of the
glycosylase. As described in the Materials and methods, the
pTrc99A vector (Pharmacia Biotech) carries the lacl gene of
E.coli and has the synthetic trc promoter under lac operator
control positioned upstream of the EcoRI site to control
transcription. The presence of the wild-type hAAG gene in the
plasmids was tested by restriction digestion with BsfEIl, Celll,
Bgll, EcoRI, HinDIII and Sacl followed by gel electrophoresis
and confirmed by DNA sequencing.

The protective activity of pMV509 and pMV513 when
these plasmids were propagated in E.coli cells deficient in

shows an 89% survival after exposure to 20 mM MMS and a
much lower, but appreciable, survival after exposure to 0.5
mM CNU. Survival after exposure to MMS and CNU in
the repair-deficient control cells, E.coli MV4236 that lack
glycosylase and excision repair capabilities but that harbor the
unmodified vector, was lower. The presence of plasmids
pMV509 and pMV513, carrying hAAG and hAAG-(his)g,
respectively, greatly increased survival after exposure to MMS
in the repair-deficient strain, but did not seem to increase
survival after exposure to CNU. In fact when hAAG is
expressed in E.coli, it results in a small but reproducible
decrease in survival, suggesting hAAG expression may either
interfere with other DNA repair mechanisms active on CNU
lesions, or convert CNU lesions to a more toxic form. This is
similar to the glycosylase-mediated sensitivity to a variety
of alkylators described by others [Matijasevic and Volkert,
unpublished results; (20)]. Similar levels of MMS resistance
and CNU sensitization were obtained regardless of the presence
or absence of the histidine tag, thereby eliminating the possibil-
ity that the presence of the tag affects hAAG activity towards
MMS or CNU lesions. Note that in this regard the glycosylase
was originally identified by its ability to protect against the
toxic effects of methylating and not chloroethylating agents.

In order to avoid contamination with bacterial glycosylases
in purifying hAAG, plasmids containing the hAAG gene were
propagated in a glycosylase-deficient strain of E.coli, MV2157,
which lacks both the tag and alkA genes. Attempts to purify
human glycosylase from pMV509-carrying cells using classical
separation methods resulted in poor yields of the enzyme.
Accordingly, further purification studies were performed using
pMV513 that produces the hAAG enzyme with a (his)g tail.

An active glycosylase was obtained when human enzyme
was isolated on a Ni-agarose column from E.coli MV4126,
which harbors this plasmid. However, N-terminal amino acid
analysis revealed that the enzyme had been truncated between
two arginines near the amino acid end of the protein. This site
of cleavage indicated that the enzyme that was responsible for
this truncation was probably the OmpT protease found in the
outer membrane of E.coli cells (21). Accordingly, the OmpT
gene in MV4126 was disrupted by the introduction of an allele
of OmpT containing an insertion element expressing kanamycin
resistance. This host cell was designated MV4211.

The construct pMV513 that contains the human glycosylase
was grown in these cells and purified through a Ni-agarose
column step as described in the Materials and methods. A
typical separation is shown in the upper panel of Figure 2.
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Fig. 2. (Top) Elution profile of the hAAG-(his)s enzyme from a Ni-agarose
column. (Bottom) Gel separations of individual enzyme fractions 10-18.
Molecular weight standards are in lanes marked S. N-terminal analysis was
performed on the 39 kDa band from fraction 14.

Fractions containing enzyme activity were concentrated using
3K Microsep microconcentrators (Pall Filtron Corporation,
Northboro, MA), and separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10% gel as shown in the
lower panel of Figure 2. Protein bands from the SDS-PAGE
gel were transferred to a Millipore Immobilon-P5Q transfer
membrane (0.1 pum pore size) of polyvinylidene fluoride
(PVDF) in preparation for N-terminal analysis. N-terminal
sequencing by Edman degradation using an Applied Biosys-
tems 494 Procise protein sequencer showed that the 39
kDa band from fraction 14 terminated in VTPALQMKKP in
agreement with the sequence found by Samson et al. (14).
The apparent molecular weight is also in agreement with the
value obtained for this enzyme by O’Connor (22), who also
reported purification of intact full-length human glycosylase.
The contaminating protein at 31 kDa was identified by N-
terminal analysis as the histidine-rich E.coli protein, SlyD.

The activity of this glycosylase towards [PHIMNU-modified
DNA substrate is shown in Figure 3. It is clear from this figure
that hAAG releases both m3A and m’G from [PH]MNU-DNA;
although the human enzyme shows similar activity towards
m3A, it shows somewhat lower activity towards m’G than the
bacterial glycosylase. This result also agrees with O’Connor’s
data on purified human glycosylase (22).

With active full-length human glycosylase available, it
was now possible to test the activity of hAAG towards
chloroethylnitrosourea-modified DNA. Bacterial and human
enzymes were incubated with [*H]-CNU-modified DNA for
10 min at 37°C and the c.p.m. of adducted bases released into
the supernatant were measured as shown in Figure 4. While
the bacterial enzyme released CNU-adducted bases in an

592

10000 5000
Acid Release Spontaneous Release
8000 4000
z
Q
5 6000 3000
4
@
<
= 4000 2000
o
o
2000 4 1000
meA m’G
0 i o I SO g
0 10 20 30 40 o} 10 20 30 40
FRACTION NUMBER FRACTION NUMBER
5000 5000
Bacterial Gly [l Release Human AAG Release
4000 4000
m’G
z
=
5 3000 3000
Z
4
<
5 2000 2000 m’G
&) mIA meA
1000 1000 A
0 = ind G ._/k S
0 10 20 30 40 0 10 20 30 40

FRACTION NUMBER FRACTION NUMBER
Fig. 3. HPLC profiles of bases released from methylated DNA by acid
treatment, by spontaneous release, by 0.15 U of bacterial enzyme, and by 0.15
U of the hAAG-(his)g enzyme. Incubation mixtures contained 49 jug of DNA
with 1.36X 105 c.p.m. of [*H]-MNU adducts in 500 pl of buffer solution.
Optical markers are shown for peaks corresponding to m>A and m’G.
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Fig. 4. Activity of bacterial (open circle) and histidine-tagged human enzyme
(shaded circle), towards 3H-CNU-modified DNA. Incubation mixtures
contained 27 pg of DNA with 2X10* ¢.p.m. of [*H]-CNU adducts and the
indicated number of units of bacterial or human glycosylase in 150 pl of buffer
solution. Incubations were for 10 min at 37°C.

enzyme-dependent way, there was absolutely no evidence for
their release by the human enzyme even when much higher
levels of enzyme were added to the incubation mixture. Thus,
the hAAG has no in vitro activity towards [*H]-CNU-modified
DNA under conditions where the bacterial enzyme is highly



active suggesting that other factors must be involved in the
cellular activity of hAAG as discussed below.

Discussion

After the construction of pMV513 and the development of the
E.coli host cells MV4211, human alkyladenine glycosylase was
successfully isolated from a Ni—agarose column as described
above. This has made it possible to study the specificity of a full-
length human alkyladenine glycosylase on CNU-modified DNA
in vitro. In view of our earlier results showing that bacterial 3-
methyl-adenine DNA glycosylase II releases a wide range of
CNU-modified bases (7), we were indeed surprised at the lack
of activity of the human enzyme towards CNU-modified DNA.

We had thought that hAAG might protect against the toxic
effects of CNU in a manner similar to the bacterial glycosylase,
which releases CNU-adducted bases (15,23). Although the data
of Allan et al. (10) show that the presence of mouse AAG
decreases the sensitivity of mouse cells to chloroethylnitroso-
ureas and the data of Matijasevic et al. suggest that hAAG may
play arole in the resistance of human tumors to CNU (8) human
AAG does not seem to release chloroethylnitrosourea-modified
bases from CNU-modified DNA in vitro. Possible explanations
for this could be that: (i) hAAG releases an extremely toxic base
that is present in such small amounts that its release is not
apparent in our experiments with [3H]-CNU-modified DNA; (ii)
hAAG requires the presence of an additional cellular factor to
act on CNU-modified DNA; (iii) the activity of hAAG is affected
by post-translational modification that differs in mammalian and
E.colihostcells; or (iv) the hAAG protein serves some additional
function besides base recognition and release in the cellular
environment. The possibility of additional factors, post-transla-
tional modification or additional functions of hAAG must be
specific for its role in repair of CNU lesions and do not apply to
its interactions with methyl lesions, as the enzyme effectively
protects against MMS exposure and methyl lesions are effici-
ently removed by the purified hAAG enzyme (Table II and
Figure 3).

Unless there are other minor but very toxic DNA adducts that
we have not detected, possibilities (ii)—(iv) seem more likely.
However, for possibility (ii) to explain our results we would
have to conclude that some factor in E.coli cells can selectively
activate, or some factor from mammalian cells is not needed to
activate the human enzyme towards repair of methyl lesions,
because the human gene was identified by complementation of
glycosylase-negative E.coli cells (14) and it is clearly active
against this type of DNA damage (Table II and Figure 3). Post-
translational modification of the enzyme has not been reported,
but cannot be ruled out. The final possibility, number (iv), is
intriguing but again there is no evidence for such a function.
Because of the importance of the resistance problem in treating
human tumors, further experimentation is needed to discriminate
between these possibilities.
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